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7Me´thodes se´mantiques pour la comparaison inter-espe`ces de
voies me´taboliques : application au me´tabolisme des lipides
chez l’humain, la souris et la poule
La comparaison inter-espe`ces de voies me´taboliques est une proble´matique impor-
tante en biologie. Elle constitue un enjeu aussi bien pour la sante´ humaine que pour
l’agronomie. Actuellement, les connaissances sont ge´ne´re´es a` partir d’expe´riences sur
un nombre relativement limite´ d’espe`ces dites mode`les. Mieux connaıˆtre une espe`ce per-
met de valider ou non une infe´rence faite a` partir de ces donne´es expe´rimentales. C’est
aussi ne´cessaire pour de´terminer si ou dans quelle mesure des re´sultats obtenus sur une
espe`ce mode`le peuvent eˆtre transpose´s a` une autre espe`ce.
Cette the`se propose une me´thode de comparaison inter-espe`ces de voies
me´taboliques. Cette me´thode compare chaque e´tape d’une voie me´tabolique en
exploitant les annotations dans Gene Ontology qui leur sont associe´es. Ce travail (i) valide
l’inte´reˆt des mesures de similarite´s se´mantiques pour interpre´ter ces annotations, (ii)
propose d’utiliser conjointement une mesure de particularite´ se´mantique et (iii) propose
une me´thode base´e sur des motifs de similarite´ et de particularite´ pour interpre´ter chaque
e´tape de voie me´tabolique. Les diffe´rentes e´tapes de cette approche sont applique´es a`
l’e´tude comparative du me´tabolisme des lipides chez l’Homme, la souris et la poule.
De nombreux produits de ge`nes interviennent tout au long d’une voie me´tabolique.
Des annotations peuvent eˆtre associe´es a` ces produits de ge`nes afin de de´crire leurs
roˆles biologiques. En reposant sur une ontologie partage´e, ces annotations permettent de
comparer les donne´es d’espe`ces diffe´rentes et de tenir compte de diffe´rents degre´s de
pre´cision. Il existe de nombreuses mesures se´mantiques qui quantifient la similarite´ entre
des produits de ge`nes en fonction des annotations qu’ils ont en commun. Nous en avons
identifie´ et utilise´ une adapte´e a` la proble´matique de comparaison inter-espe`ces.
En se focalisant sur la part commune aux produits de ge`nes compare´s, les mesures
de similarite´ se´mantiques ignorent les caracte´ristiques spe´cifiques d’un seul produit
de ge`ne. Or la comparaison inter-espe`ces de voies me´taboliques se doit de quantifier
non seulement la similarite´ des produits de ge`nes qui interviennent dans celles-ci,
mais e´galement leurs particularite´s. Nous avons de´veloppe´ une mesure de particularite´
se´mantique re´pondant a` cette proble´matique. Pour chaque e´tape de voie me´tabolique,
nous calculons un profil compose´ de sa valeur de similarite´ et de ses deux valeurs de
particularite´ se´mantiques.
Concernant l’interpre´tation des re´sultats, il n’est pas possible d’e´tablir formellement
que deux produits de ge`nes sont similaires ou que l’un d’eux a des particularite´s significa-
tives sans disposer d’un seuil de similarite´ et d’un seuil de particularite´. Jusqu’a` pre´sent,
ces interpre´tations se faisaient sur la base d’un seuil implicite ou arbitraire. Pour combler
ce manque, nous avons de´veloppe´ une me´thode de de´finition de seuils pour les mesures
de similarite´ et de particularite´ se´mantiques.
Nous avons enfin applique´ une mesure de similarite´ inter-espe`ces et notre mesure
de particularite´ pour comparer le me´tabolisme des lipides entre l’Homme, la souris et la
poule. Nous avons pu interpre´ter les re´sultats a` l’aide des seuils que nous avions de´finis.
Chez les trois espe`ces, des particularite´s ont pu eˆtre observe´es, y compris au niveau de
produits de ge`nes similaires. Elles concernent notamment des processus biologiques et
8des composants cellulaires. Les fonctions mole´culaires pre´sentent une forte similarite´ et
peu de particularite´s. Ces re´sultats sont biologiquement pertinents.
Semantic methods for the cross-species metabolic pathways
comparison : application to human, mice and chicken lipid
metabolism
Cross-species comparison of metabolic pathways is an important task in biology. It is
a major stake for both human health and agronomy. Currently, knowledge is acquired from
some experiments on a relatively low number of species referred to as “models”. A better
understanding of a species determines whether to validate or not an inference made from
these experimental data. It also determines whether or to what extent results obtained on
model species can be transposed to another species.
This thesis proposes a cross-species metabolic pathways comparison method. Our
method compares each step of a metabolic pathway using the associated Gene Ontology
annotations. This work (i) validates the interest of the semantic similarity measures for
interpreting these annotations, (ii) proposes to use jointly a semantic particularity measure
and (iii) proposes a method based on similarity and particularity patterns to interpret each
metabolic pathway step. We applied the different steps of this approach to the comparative
study of lipid metabolism for human, mice and chicken.
Several gene products are involved throughout a metabolic pathway. They are asso-
ciated to some annotations in order to describe their biological roles. Based on a shared
ontology, these annotations allow to compare data from different species and to take into
account several level of abstraction. Several semantic measures quantifying the similarity
between gene products from their annotations have been developed previously. We have
identified and used a semantic similarity measure appropriate for cross-species compari-
sons.
Because they focus on the common part of the compared gene products, the semantic
similarity measures ignore their specific characteristics. Therefore, cross-species meta-
bolic pathways comparison has to quantify not only the similarity of the gene products
involved, but also their particularity. We have developed a semantic particularity measure
addressing this issue. For each pathway step, we proposed to create a profile combining
its semantic similarity and its two semantic particularity values.
Concerning the results interpretation, it is not possible to establish formally that two
gene products are similar or that one of them have some significant particularities without
having a similarity threshold and a particularity threshold. So far, these interpretations
were based on an implicit or an arbitrary threshold. To address this gap, we developed a
threshold definition method for the semantic similarity and particularity measures.
We last applied a cross-species similarity measure and our particularity measure to
compare the lipid metabolism between human, mice and chicken. We then interpreted the
results using the previously defined thresholds. In all three species, we observed some
particularities, including on similar genes. They concerned notably some biological pro-
cesses and cellular components. The molecular functions present a strong similarity and
few particularities. These results are biologically relevant.
AVANT-PROPOS
Contexte
Cette the`se a e´te´ re´alise´e sous la direction de Christian Diot et Olivier Dameron, au
sein des e´quipes Ge´ne´tique et Ge´nomique (UMR PEGASE INRA - Agrocampus Ouest)
et Mode´lisation Conceptuelle des Connaissances Biome´dicales (UMR 936 INSERM - uni-
versite´ de Rennes 1) puis DYnamics, Logics and Inference for biological Systems and
Sequences (UMR IRISA INRIA - CNRS). Le point de de´part de ce travail est l’existence de
difficulte´s rencontre´es lors de l’e´tude du me´tabolisme des lipides chez la poule (Gallus gal-
lus). En effet, bien que Gallus gallus compte parmi les espe`ces dites mode`les pour l’e´tude
de phe´nome`nes biologiques, les fonctions de la plupart de ses ge`nes et ses diffe´rents
me´tabolismes sont encore mal connus. Cela conduit a` un processus de transposition de
connaissances relatives a` une espe`ce mieux connue, comme l’Homme (Homo sapiens)
ou la souris (Mus musculus). Or, on ne dispose pas de crite`res pre´cis pour juger si cette
ope´ration est le´gitime, d’autant plus que Gallus gallus, a` la diffe´rence de Homo sapiens et
Mus musculus, n’est pas un mammife`re. Il n’existe pas de me´thode formelle de comparai-
son permettant de de´terminer si des diffe´rences entre les se´quences, entre les annotations
de produits de ge`nes et entre les re´actions des voies me´taboliques sont ou non associe´es
a` des diffe´rences de traits phe´notypiques observe´s.
Ces observations ont motive´ une collaboration entre les diffe´rentes e´quipes men-
tionne´es pre´ce´demment. Christian Diot et l’e´quipe G&G ont propose´ la proble´matique et
fourni l’expertise biologique relative au me´tabolisme des lipides chez Gallus gallus. Olivier
Dameron et l’UMR 936, puis Dyliss, ont de´fini le cadre informatique et se´mantique requis
pour traiter cette proble´matique et ont accompagne´ les de´veloppements me´thodologiques
re´alise´s. Cette the`se se situe donc a` la croise´e de la biologie et de l’informatique, avec
l’ambition d’apporter des solutions pertinentes a` un proble`me biologique en de´veloppant
et en utilisant des me´thodes et outils se´mantiques.
La proble´matique de comparaison fonctionnelle entre espe`ces n’est pas spe´cifique
au seul me´tabolisme des lipides. Les de´veloppements propose´s ici se veulent avant tout
ge´ne´riques ; ils peuvent eˆtre applique´s a` n’importe quel me´tabolisme et a` n’importe quelle
espe`ce (sous re´serve d’un minimum de connaissance disponible).
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Structure du manuscrit
Le premier chapitre du manuscrit expose le contexte biologique de cette the`se et de´finit
notre proble´matique et notre objectif.
Le deuxie`me chapitre permet d’identifier les ressources et me´thodes pertinentes dis-
ponibles et les besoins de nouveaux de´veloppements.
Les deux chapitres suivants de´crivent les me´thodes de comparaisons se´mantiques
d’annotations de produits de ge`nes. Ils couvrent respectivement le de´veloppement d’une
nouvelle mesure de particularite´ se´mantique et l’interpre´tation conjointe des valeurs de
similarite´ et de particularite´ se´mantiques.
Le chapitre 5 concerne l’application des me´thodes pre´ce´demment de´crites a` la
comparaison inter-espe`ces de voies me´taboliques. Il se focalisera principalement sur le
me´tabolisme des lipides chez la poule, la souris et l’Homme.
Enfin un dernier chapitre de´crit l’apport des approches de´veloppe´es au cours de ce
travail de the`se dans d’autres domaines, comme la recherche bibliographique, la compa-
raison fonctionnelle de ge`nes duplique´s et l’e´volution de Gene Ontology.
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CHAPITRE 1
INTRODUCTION
Dans ce chapitre, nous pre´sentons le contexte biologique, rappelons ce
qu’est une voie me´tabolique, e´laborons la proble´matique et de´finissons
l’objectif de cette the`se. Comme mentionne´ dans l’avant-propos, le point
de de´part de ce travail a e´te´ un constat de difficulte´s dans l’e´tude du
me´tabolisme des lipides chez la poule. Nous expliquerons donc tout
d’abord le fonctionnement ge´ne´ral du me´tabolisme des lipides tel qu’on
le connaˆıt graˆce a` l’e´tude de l’Homme et du mode`le murin. Puis nous
citerons les particularite´s connues de ce me´tabolisme chez les oiseaux,
notamment chez la poule. Nous verrons que les connaissances concernant
la structure des voies me´taboliques refle`tent parfois mal ces particula-
rite´s. Cela nous conduira a` identifier le besoin d’une nouvelle approche
syste´matique prenant en compte non seulement les donne´es relatives
a` la structure des voies me´taboliques que l’on souhaite e´tudier, mais
e´galement les connaissances disponibles sur les ge`nes qui interviennent
dans ces voies me´taboliques.
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1 Contexte biologique
Une voie me´tabolique est une suite de re´actions biochimiques intervenant dans un or-
ganisme afin d’en assurer le bon fonctionnement. Les lipides constituent avec les protides
et les glucides une des trois classes de nutriments e´nerge´tiques, indispensables a` la vie.
Les lipides sont des mole´cules hydrophobes ou amphipathiques 1 issues pour tout ou par-
tie de la condensation de thio-esters (acides gras, glyce´rolipides, glyce´rophospholipides,
sphingolipides, glycolipides et polyce´tides) et/ou de la condensation d’unite´s isopre`nes
(prenols et ste´rols) [Fahy et al., 2009]. Leurs roˆles sont multiples. Il permettent la couver-
ture des besoins e´nerge´tiques, participent a` la constitution des structures micro et macro-
scopiques de l’organisme et interviennent dans de nombreux me´canismes biochimiques
indispensables a` la vie. L’e´tude du me´tabolisme des lipides chez les oiseaux est impor-
tante tant d’un point de vue applique´, l’engraissement impacte la valeur e´conomique des
produits avicoles, que cognitif, au regard de son e´volution chez les verte´bre´s par exemple.
De fait, le sche´ma global du me´tabolisme lipidique diffe`re entre les oiseaux et les mam-
mife`res. Apre`s avoir pre´sente´ le me´tabolisme des lipides tel qu’on le connaıˆt chez les
mammife`res, nous aborderons les particularite´s releve´es chez les oiseaux.
1.1 Ge´ne´ralite´s sur le me´tabolisme des lipides
Meˆme si cela n’est pas toujours pre´cise´, il convient d’indiquer que les connaissances
acquises sur le me´tabolisme des lipides proviennent majoritairement d’e´tudes re´alise´es
sur les espe`ces mode`les, essentiellement mammife`res. On verra par la suite que cette
pre´sentation ge´ne´rale a trop souvent tendance a` occulter les particularite´s d’autres
espe`ces, plus ou moins e´loigne´es des mammife`res au regard de l’e´volution.
Les lipides pre´sents dans l’organisme peuvent provenir de l’alimentation ou eˆtre ne´o-
synthe´tise´s. Les lipides provenant de l’alimentation sont absorbe´s au niveau de l’intes-
tin greˆle. Il s’agit essentiellement de triglyce´rides, mole´cules constitue´es d’un squelette
de glyce´rol dont les trois groupements hydroxyles ont e´te´ este´rifie´s par des acides gras.
L’alimentation apporte e´galement des esters de choleste´rol, des phospholipides et des
1. Une mole´cule amphipathique posse`de a` la fois un groupement hydrophile et un groupement
hydrophobe.
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vitamines liposolubles (A, D, E et K). Ces lipides suivent un trajet bien de´fini dans l’or-
ganisme : a` partir de l’intestin greˆle, ils vont passer dans le syste`me lymphatique puis
dans le sang, ou` ils seront distribue´s aux tissus qui en ont besoin. A l’issu de ce circuit,
les lipides re´siduels seront capte´s par le foie. Dans l’intestin greˆle, les acides et sels bi-
liaires e´mulsionnent les gouttelettes de lipides alimentaires. La lipase pancre´atique libe`re
des monoglyce´rides et des acides gras qui forment des micelles. La choleste´rol-este´rase
et la phospholipase hydrolysent re´ciproquement les esters de choleste´rols et les phos-
pholipides et libe`rent ainsi des acides gras qui entrent aussi dans la composition des mi-
celles. Celles-ci sont absorbe´es de fac¸on passive par les cellules de l’e´pithe´lium intestinal
(ente´rocytes). Les ente´rocytes absorbent aussi le choleste´rol libre et les vitamines liposo-
lubles. Les acides gras libres compose´s de moins de 12 carbones diffusent directement
depuis l’ente´rocyte vers le foie via le syste`me porte. Dans les ente´rocytes se produit la
re-synthe`se des triglyce´rides, des esters de choleste´rol et des phospholipides, qui sont ex-
porte´s avec les vitamines liposolubles dans le syste`me lymphatique sous forme de chylo-
microns [Hussain et al., 1996]. Les chylomicrons sont des sphe`res de 75 a` 1200 nm conte-
nant en leur centre la partie hydrophobe (triglyce´rides, partie hydrophobe des phospholi-
pides et du choleste´rol) des lipides dige´re´s et en pe´riphe´rie leur partie hydrophile (teˆte po-
laire des phospholipides, groupe hydroxyle du choleste´rol) ansi que des lipoprote´ines (apo-
lipoprote´ines). L’apolipoprote´ine principale de ces chylomicrons dits naissants est l’apoli-
poprote´ine B-48 (APOB48). Les apolipoprote´ines A-I, A-II et A-IV participent e´galement a`
la composition de ces chylomicrons naissants. Les chylomicrons exporte´s dans le syste`me
lymphatique rejoignent la circulation sanguine au niveau de la veine sous-clavie`re gauche.
Dans la circulation sanguine, ils deviennent matures en acque´rant des apolipoprote´ines
C-II, C-III et E graˆce a` un e´change avec des particules lipidiques de haute densite´ (HDL).
L’apolipoprote´ine C-II e´tant le cofacteur de la lipoprote´ine-lipase, celle-ci peut libe´rer les
acides gras contenus dans les chylomicrons afin qu’ils soient absorbe´s par les cellules
des tissus vascularise´s. Les chylomicrons transfe`rent ensuite leurs apolipoprote´ines A-I,
A-IV, C-II et C-III aux HDL pour devenir des chylomicrons remnants de 30 a` 50 nm de
diame`tre qui seront reconnus et absorbe´s par le foie graˆce a` leurs APOE et APOB-48. La
figure 1 re´sume ce transport des lipides alimentaires.
La lipogene`se (synthe`se de novo des acides gras) a lieu dans deux tissus distincts :
le foie et le tissu adipeux [Bergen et Mersmann, 2005]. Elle assure la synthe`se d’acides
gras a` longue chaıˆne hydro-carbone´e qui seront incorpore´s dans des triglyce´rides. Les
enzymes cle´s de cette synthe`se sont l’ace´tyl-CoA carboxylase (ACC, EC 6.4.1.2), la ma-
late de´shydroge´nase (EC 1.1.1.39), et l’acide gras synthase (Fatty Acid Synthase, FAS,
EC 2.3.1.85). Ces enzymes sont stimule´es par l’insuline et inhibe´s par le glucagon. Le
pre´curseur de la lipogene`se est l’ace´tyl-CoA, qui peut eˆtre obtenu a` l’issue de la gly-
colyse (de´gradation du glucose), de la β-oxydation des acides gras (principale voie de
de´gradation des acide gras) ou encore de la de´gradation des acides amine´s ce´toge`nes.
L’ace´tyl-CoA est produit dans la mitochondrie puis exporte´ dans le cytoplasme ou` l’ace´tyl-
CoA carboxylase permet la synthe`se du malonyl-CoA. La FAS est un complexe enzy-
matique permettant la condensation successive d’unite´s malonyl-CoA sur de l’ace´tyl-CoA
jusqu’a` obtention de l’acide palmitique. La figure 2 pre´sente la suite de re´actions mises en
œuvre pour obtenir une mole´cule d’acide palmitique.
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FIGURE 1 – Me´tabolisme des chylomicrons. Les lipides issus de l’alimentation sont incorpore´s
sous forme de triglyce´rides et d’esters de choleste´rol aux chylomicrons au niveau des intestins. Les
chylomicrons vont les distribuer aux tissus vascularise´s lors d’un circuit qui les me`nera finalement
vers le foie.
FIGURE 2 – Synthe`se de l’acide palmitique. Les acides gras se forment par condensation succes-
sives de mole´cules de malonyl-CoA.
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L’acide palmitique sert de base a` la construction d’acides gras insature´s a` longue
chaıˆne. Ceux-ci sont obtenus par une succession d’e´longations (ajout de 2 carbones) et
de de´saturations (cre´ation d’une double liaison). Ce processus a lieu dans le re´ticulum
endoplasmique. La de´saturation est assure´e par une de´saturase capable de catalyser le
de´part de deux atomes d’hydroge`ne de la mole´cule d’acide gras, cre´ant une double liaison
carbone/carbone. La position de la double liaison est a` la base des deux nomenclatures
des acides gras insature´s. Les positions dans les mole´cules sont de´finies par rapport au
groupement le plus re´actif, en l’occurrence le groupement carboxyle pour les acides gras.
Ainsi, la ∆9 de´saturase cre´e une double liaison sur l’acide palmitique apre`s le 9e`me carbone
depuis le groupe carboxyle pour donner l’acide palmitole´ique. Cet acide gras est symbo-
lise´s ainsi : (16:1)∆9. Cependant, la nume´rotation des carbones dans un acide gras se fait
usuellement dans l’autre sens. On de´crit ainsi l’appartenance a` une  se´rie omega  en
comptant la position de la double liaison a` partir du groupe me´thyl terminal. Ainsi, l’acide
palmitole´ique (16:1)∆9 est un acide gras de la se´rie des ω7 (ou n-7). L’Homme a quatre
de´saturases diffe´rentes : ∆9, ∆6, ∆5 et ∆4. N’ayant pas de ∆12 ni de ∆15 de´saturase
qui n’existent que dans le re`gne ve´ge´tal, l’Homme est incapable de synthe´tiser certains
acides gras poly-insature´s, tels que l’acide linole´ique (18:2)∆9,12 et l’acide α-linole´nique,
(C18:3)∆9,12,15. Ils sont respectivement pre´curseur des se´ries ω6 et ω3, a` la base de
la synthe`se de nombreuses mole´cules comme des prostaglandines ou l’acide arachido-
nique. Ces acides gras sont dits essentiels et doivent eˆtre apporte´s par l’alimentation. La
figure 3 re´sume la synthe`se des diffe´rents acides gras insature´s.
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FIGURE 3 – Synthe`se des acides gras insature´s. Deux re´actions sont re´pe´te´es pour obtenir des
acides gras insature´s de diffe´rentes se´ries : une de´saturation puis une e´longation. Les pre´curseurs
des acides gras des se´ries ω6 et ω3 doivent eˆtre fournis par l’alimentation.
Les acides gras obtenus lors de la lipogene`se peuvent servir de pre´curseurs de
diverses mole´cules indispensables au fonctionnement de l’organisme. Ils peuvent
e´galement eˆtre stocke´s sous forme de triglyce´rides par une triple este´rification d’une
mole´cule de glyce´rol. Cette re´action utilise une mole´cule de Glyce´rol-3-Phosphate
(G3P) dont les fonctions alcool primaire et secondaire sont d’abord este´rifie´es par deux
acides gras pour obtenir un diacylglyce´rol. Le groupement phosphate du G3P este´rifie´
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est ensuite hydrolyse´ la phosphatidate phosphatase, ce qui permet l’este´rification d’un
troisie`me acide gras. A` la place de ce troisie`me acide gras peut venir s’este´rifier un alcool
phosphoryle´ pour donner un phospholipide.
Les mammife`res sont e´galement capables de synthe´tiser du choleste´rol. Cette
synthe`se se fait dans le cytoplasme des cellules du foie et de l’intestin a` partir de
l’hydroxy-me´thyl-glutaryl-CoA (HMG-CoA). Cet HMG-CoA est issu de la condensation de
3 mole´cules d’ace´tyl-CoA. L’HMG-CoA re´ductase transforme l’HMG-CoA en me´valonate.
Le me´valonate est pre´curseur d’isopre´noı¨des qui se condensent en squale`ne, dont les
insaturations permettent de former les cycles qui constituent le choleste´rol.
Les triglyce´rides servent de lipides de stockage dans les adipocytes. Ils peuvent eˆtre
hydrolyse´s en acides gras par des lipases lors de la lipolyse et libe´re´s dans le sang
afin de fournir de l’e´nergie aux cellules de l’organisme. La lipolyse est active´e par les
cate´cholamines (adre´naline et noradre´naline). Les adipocytes jouent e´galement un roˆle
important dans le phe´nome`ne de satie´te´ en e´tant notamment le sie`ge de la synthe`se de
la leptine, qui re´gule l’appe´tit au niveau de l’hypothalamus.
Les lipides, mole´cules hydrophobes ou amphipathiques, doivent circuler dans le sang
afin d’atteindre leur lieu de stockage ou d’utilisation. C’est l’objet du me´tabolisme des li-
poprote´ines. Nous avons vu le transport des lipides alimentaires par les chylomicrons au
de´but de cette section. Les lipides ne´o-synthe´tise´s sont transporte´s par des me´canismes
similaires utilisant des lipoprote´ines. En pe´riode post-prandiale, le foie synthe´tise des lipo-
prote´ines de tre`s faible densite´, les VLDL. Elles contiennent des triglyce´rides, des esters
de choleste´rol et des apolipoprote´ines B-100 et A-I. Comme les chylomicrons, les VLDL
doivent apporter les triglyce´rides aux tissus pe´riphe´riques. Elles doivent donc obtenir des
apolipoprote´ines E et des apolipoprote´ines C-II afin d’eˆtre reconnues et hydrolyse´es par
la lipoprote´ine lipase au niveau des cellules pe´riphe´riques. Comme les chylomicrons, les
VLDL obtiennent ces apolipoprote´ines par un e´change avec des lipoprote´ines circulantes
de haute densite´, les HDL. De´charge´es d’une partie de leurs triglyce´rides, les VLDL di-
minuent de taille tout en devenant plus denses, elles e´voluent en lipoprote´ines de densite´
interme´diaire ou IDL. En raison de la taille re´duite des IDL par rapport aux VLDL, les
apolipoprote´ines C-II perdent leur affinite´ avec la particule et sont transfe´re´es aux VLDL,
aux HDL et aux chylomicrons. Il y a e´galement un transfert de triglyce´rides et de phos-
pholipides des IDL vers les HDL, et d’esters de choleste´rol des HDL vers les IDL. Ces
derniers e´changes conduisent a` la dernie`re e´tape de l’e´volution de ces lipoprote´ines qui
deviennent des lipoprote´ines de faible densite´ ou LDL. Elles contiennent essentiellement
des esters de choleste´rol et une apolipoprote´ine B-100. Elles peuvent de´poser du cho-
leste´rol a` la surface des membranes des cellules pe´riphe´riques. Graˆce a` leur APO B-100
elles sont reconnues par les cellules pe´riphe´riques, qui les internalisent par endocytose et
les hydrolysent totalement.
Les chylomicrons comme les VLDL interragissent avec ce qu’on a appele´ des lipo-
prote´ines de haute densite´, les HDL. Ces HDL constituent la dernie`re classe de lipo-
prote´ines. Elles sont synthe´tise´es par le foie et excre´te´es dans la circulation sanguine.
Elles sont constitue´es essentiellement de phospholipides et d’apolipoprote´ines E, A et C,
dont elles sont un re´servoir circulant pour les autres classes de lipoprote´ines. Elles ont
e´galement pour roˆle la re´cupe´ration du choleste´rol libre de´pose´ a` la surface de la mem-
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brane des cellules pe´riphe´riques. Elles pie`gent ce choleste´rol en l’este´rifiant, ce qui le
retire de la circulation. Le foie retire de la circulation les HDL ayant rempli leur mission ; il
les internalise et hydrolyse leurs esters de choleste´rol qui entreront dans la compositions
de nouvelles lipoprote´ines.
Le circuit du choleste´rol et des triglyce´rides est pre´sente´ dans les figures 4 et 5.
FIGURE 4 – Transport du choleste´rol dans le sang. Outre les chylomicrons pre´sente´s dans la Fi-
gure 1, les VLDL et les HDL participent au transport du choleste´rol. Les premiers transportent le
choleste´rol vers les tissus tandis que les deuxie`mes rame`nent le choleste´rol de´pose´ en exce`s vers
le foie.
Le mauvais fonctionnement du me´tabolisme des lipides peut eˆtre a` l’origine de plu-
sieurs pathologies. Comme de´crit ci-dessus, les lipides circulent dans le sang ; on parle
de lipides plasmatiques. Un exce`s d’apports en lipides peut causer un de´re`glement du
taux de ces lipides plasmatiques, et eˆtre responsable d’athe´roscle´rose et des pathologies
vasculaires associe´es [Barton, 2013]. La moitie´ des de´ce`s cause´s par une cardiopathie co-
ronarienne seraient imputables a` des taux de choleste´rol trop e´leve´s [Stamler et al., 1986;
Magnus et Beaglehole, 2001]. Les de´re`glements du me´tabolisme des lipides peuvent avoir
des origines ge´ne´tiques. Ainsi, 15% des cas d’infarctus du myocarde pre´coces pourraient
re´sulter de troubles he´re´ditaires du me´tabolisme des lipides [Gaddi et al., 2007].
En dehors de la circulation sanguine, un autre organe pour eˆtre fortement impacte´
en cas de de´re`glement du me´tabolisme des lipides : le foie. La ste´atose he´patique cor-
respond a` l’infiltration de lipides dans les cellules du parenchyme he´patique. La forme
non-alcoolique concerne entre 6% et 24% de la population (un adulte sur trois et un en-
fant ou un adolescent sur dix aux E´tats-Unis) [Clark et Diehl, 2003; Clark, 2006; Angulo,
2007]. La pre´valence est cependant nettement plus importante en cas de surpoids ou
d’obe´site´ [Clark, 2006; Angulo, 2007; Papandreou et al., 2007; Moore, 2010]. La ste´atose
he´patique peut de´boucher sur une ste´atohe´patite, une fibrose voire une cirrhoses du foie
ou un carcinome he´patocellulaire [Clark et Diehl, 2003; Qian et Fan, 2005; Reddy et
Rao, 2006; Moore, 2010]. La ste´atose he´patique non-alcoolique est fortement associe´e
a` l’obe´site´, a` la re´sistance a` l’insuline (y compris en raison de diabe`te), ainsi qu’a` un taux
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FIGURE 5 – Transport des triglyce´rides dans le sang. Les chylomicrons transportent les triglyce´rides
provenant de l’alimentation tandis que les VLDL les transportent depuis le foie vers les tissus qui en
ont besoin.
e´leve´ de triglyce´rides ou a` un taux faible de lipoprote´ines a` faible densite´ [Clark, 2006;
Reddy et Rao, 2006].
1.2 Particularite´s du me´tabolisme des lipides chez
les oiseaux
Nous avons vu les grandes lignes du me´tabolisme des lipides trace´es a` partir de
connaissances obtenues essentiellement chez les mammife`res. D’autres espe`ces, les oi-
seaux notamment et le poulet en particulier, pre´sentent cependant des diffe´rences par
rapport au sche´ma que nous venons de de´crire.
Les oiseaux n’ont pas de vaisseaux lymphatiques intestinaux. Apre`s leur absorption
dans l’intestin greˆle, les lipides alimentaires sont assemble´s dans les ente´rocytes sous
forme de portomicrons (e´quivalents aux chylomicrons des mammife`res) et libe´re´s dans la
circulation porte. Les portomicrons vont donc eˆtre capte´s en partie par le foie avant de
rejoindre la circulation ge´ne´rale [Fraser et al., 1986].
La lipogene`se est tre`s limite´e dans les tissus adipeux ; elle a principalement lieu dans
le foie [Hermier, 1997]. Le stockage des triglyce´rides de´pend du substrat lipidique plas-
matique issu de l’alimentation et de la synthe`se he´patique. L’accumulation excessive et
non valorisable de lipides dans les tissus adipeux des poulets de chair est actuellement
un proble`me majeur pour les producteurs [Bourneuf et al., 2006; Daval et al., 2000]. Dans
les jeunes poulets de chair approchant leur poids commercial, entre 80 et 85% des acides
gras accumule´s dans les tissus adipeux sont de´rive´s de lipides plasmatiques [Griffin et al.,
1992]. L’alimentation de ces poulets est pauvre en graisses (moins de 10%) constitue´es
principalement de triglyce´rides.
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Tous les autres triglyce´rides sont synthe´tise´s dans le foie, de´pendant comme chez
les mammife`res de la disponibilite´ de glucose alimentaire qui permet d’obtenir de l’ace´tyl-
CoA [Bergen et Mersmann, 2005]. Les triglyce´rides ne sont pas les seuls lipides a` eˆtre
synthe´tise´s dans le foie, qui est aussi le principal site de synthe`se du choleste´rol et des
phospholipides. Ces lipides, associe´s a` des apolipoprote´ines, sont les principaux consti-
tuants des lipoprote´ines [Hermier, 1997].
Les deux principales classes de particules lipoprote´iques (HDL et VLDL) sont
synthe´tise´es et se´cre´te´es par le foie, a` destination des tissus de stockage lipidique.
Leur partie prote´ique (apolipoprote´ines) y est aussi synthe´tise´e. L’apolipoprote´ine B
(APOB) et l’apolipoprote´ine A-1 (APOA1) sont les deux principales apolipoprote´ines
chez le poulet [Brown et Dower, 1990]. A la diffe´rence des mammife`res, la poule n’a
pas d’apolipoprote´ine E (APOE), mais sa fonction est porte´e par APOA1 [Daval et al.,
2000]. Les triglyce´rides, le choleste´rol, les phospholipides et APOB sont assemble´s en
VLDL secre´te´s dans la circulation sanguine. Il en va de meˆme pour la formation des
HDL avec APOA1. Les triglyce´rides s’associent pre´fe´rentiellement avec APOB pour
former des VLDL tandis que les phospholipides et le choleste´rol s’associent plutoˆt avec
APOA1 pour former des HDL [Hermier, 1997]. Chez la poule, les triglyce´rides sont
stocke´es principalement dans les tissus pe´riphe´riques abdominaux. A la diffe´rence des
mammife`res, ces tissus adipeux ne secre`tent pas de leptine, l’hormone de satie´te´, qui
n’existe pas chez la poule [Pitel et al., 2010].
Le transfert des triglyce´rides depuis les VLDL et les portomicrons dans les tissus adi-
peux implique leur catabolisme par la lipoprote´ine lipase (LPL). La LPL est synthe´tise´e
dans les tissus adipeux, les muscles et autres types cellulaires, mais seules les LPL
se´cre´te´es et capte´es a` la surface des capillaires sont actives Hermier [1997]. La LPL est
l’enzyme dont le taux est limitant pour l’hydrolyse des lipoprote´ines plasmatiques riches
en triglyce´rides. L’activite´ LPL diminue avec une nutrition riche en acides gras insature´s
des se´ries ω3 et ω6.
Un oiseau dont la lipogene`se exce`de la capacite´ de synthe`se et de se´cre´tion he´patique
de lipoprote´ines de´veloppe un foie gras. Dans le cas des poules pondeuses, chez les-
quelles la stimulation de la lipogene`se par les estroge`nes peut conduire au de´passement
de la capacite´ de se´cre´tion des VLDL, cela peut provoquer une maladie me´tabolique : le
syndrome de foie gras he´morragique, qui re´duit la ponte et augmente la mortalite´ [Hansen
et Walzem, 1993]. Les palmipe`des sauvages subissent un engraissement ge´ne´ral avant
leur migration, leur foie gras servant d’organe de stockage d’e´nergie. Cette capacite´ na-
turelle est utilise´e pour la production de foie gras par gavage avec un re´gime alimentaire
riche en glucides. Dans ces conditions, la lipogene`se he´patique augmente radicalement,
et le poids du foie peut passer de 100 g a` 1 kg en 2 semaines. La ste´atose he´patique est
due a` une accumulation de triglyce´rides dans les cellules du parenchyme he´patique. Chez
l’oie, cela provoque une importante augmentation des concentrations de HDL et VLDL. En
outre, ces VLDL contiennent moins de triglyce´rides, te´moignant d’un de´faut d’incorpora-
tion des triglyce´rides dans les VLDL, a` l’origine de leur accumulation dans le foie chez
ces espe`ces. Chez les poulets, une grande quantite´ de triglyce´rides est stocke´e tempo-
rairement dans le foie, mais ne´cessite ensuite une hydrolyse et une re´-este´rification avant
d’eˆtre se´cre´te´e. Chez les palmipe`des gave´s, la re´gulation hormonale ne permet pas au
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foie d’e´vacuer cet exce`s de lipides, qui s’accumule [Hermier, 1997].
On le voit, ces quelques exemples suffisent a` illustrer des diffe´rences qui existent
entre un oiseau (la poule) et un mammife`re. Ils soule`vent aussi la question de l’analyse
des ressemblances et diffe´rences dans un cadre plus global.
2 Comparaison inter-espe`ces : de l’ap-
proche structurelle a` l’approche fonc-
tionnelle
L’inte´gralite´ des re´actions biochimiques qui ont lieu dans un organisme sont lie´es,
comme le montre la figure 6 issue de la base de donne´es KEGG. Il est cependant possible
de conside´rer des segments de suites de re´actions, qui constituent une voie me´tabolique.
Ces diffe´rentes voies me´taboliques sont symbolise´es par les diffe´rentes couleurs de la
figure 6.
FIGURE 6 – Carte du me´tabolisme de l’Humain propose´e par la base de donne´es KEGG.
Entre deux espe`ces, une voie me´tabolique peut eˆtre parfaitement identique, diffe´rer
par quelques re´actions chimiques, voire eˆtre pre´sente chez une espe`ce et absente chez
une autre. Ainsi, si on conside`re Homo sapiens et Gallus gallus, la synthe`se de l’acide
palmitique se de´roule de la meˆme fac¸on, alors le phe´nome`ne de satie´te´ fait intervenir des
agents diffe´rents (absence de leptine chez Gallus gallus) et que la lactation est totalement
absente chez Gallus gallus. La conservation de voies me´taboliques entre espe`ces est lie´e
a` leur proximite´ taxonomique. Il est possible d’e´valuer la similarite´ d’une voie me´tabolique
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analogue entre deux espe`ces en comparant les re´actions pre´sentes chez chacune des
espe`ces.
L’enchaıˆnement des re´actions au sein des voies me´taboliques des espe`ces proches,
comme les verte´bre´s, sont souvent rigoureusement identiques. Cela signifie qu’une voie
me´tabolique identique ou tre`s similaire entre deux espe`ces au niveau de sa structure
peut eˆtre finalement assez diffe´rente au niveau des fonctions biologiques qui de´pendent
d’elle. On peut ainsi parler de voies me´taboliques structurellement identiques ou similaires
mais fonctionnellement diffe´rentes. On peut e´galement envisager le cas inverse de voies
me´taboliques dont la structure est diffe´rente mais dont les fonctions sont similaires.
Il faut e´tudier plus en de´tail les intervenants des re´actions pour mieux comprendre
ce qui provoque les diffe´rences constate´es entre espe`ces. Les re´actions des voies
me´taboliques sont ge´ne´ralement catalyse´es par des enzymes. Lorsqu’une meˆme re´action
est pre´sente chez deux espe`ces, l’enzyme implique´e peut eˆtre code´e par un ge`ne
homologue. On parle d’homologie quand un ge`ne existe en plusieurs versions de´rivant
d’une meˆme version originelle a` travers un processus d’e´volution. Si ces diffe´rentes
versions appartiennent a` des espe`ces diffe´rentes, on parle d’orthologie. Si ces versions
co-existent au sein d’une meˆme espe`ces, on parle de paralogie. Il est e´galement possible
qu’une enzyme qui catalyse une meˆme re´action chez deux espe`ces ne soit pas le produit
de l’e´volution d’un meˆme ge`ne originel. On parle alors de ge`nes ayant des fonctions
analogues, mais n’ayant aucun lien dans l’e´volution.
L’e´tude des fonctions des ge`nes a permis d’annoter fonctionnellement ceux-ci, c’est-
a`-dire d’associer a` chaque ge`ne des mots-cle´s re´sumant leur fonction. Le vocabulaire
employe´ lors de ce processus d’annotation est formalise´ au sein d’une structure appele´e
Gene Ontology pre´sente´e dans le chapitre suivant.
3 Objectif
L’objectif de cette the`se e´tait de de´velopper une me´thode et des outils associe´s pour
comparer fonctionnellement les voies me´taboliques entre espe`ces sur la base des anno-
tations des produits de ge`nes qui y interviennent et en exploitant les connaissances du
domaine afin d’interpre´ter ces annotations. Pour chaque voie me´tabolique connue, cette
me´thode avait pour but de ve´rifier l’identite´, ou a` de´faut, le degre´ de similarite´ structurel de
cette voie entre plusieurs espe`ces. Ensuite, la me´thode devait eˆtre capable d’identifier le
degre´ de similarite´ et les particularite´s de chaque produit de ge`ne orthologue intervenant
dans chaque voie me´tabolique chez les espe`ces d’inte´reˆt. Enfin, la mise en paralle`le de
la structure d’une voie me´tabolique et des re´sultats de la comparaison des ge`nes qui y
interviennent devait permettre de mieux comprendre les diffe´rences entre espe`ces. Ces
travaux avaient pour but de confirmer ou d’infirmer la possibilite´ de prendre en compte des
re´sultats acquis chez une espe`ce dans l’e´tude d’une autre.

CHAPITRE 2
MATE´RIEL ET ME´THODES
Dans ce chapitre, nous pre´sentons les donne´es et les me´thodes dispo-
nibles pour la comparaison inter-espe`ces de voies me´taboliques. Cette
the`se se base sur l’analyse de connaissances existantes pour une meilleure
compre´hension de phe´nome`nes biologiques. Il n’y a donc pas eu de
ge´ne´ration de donne´es expe´rimentales au cours de ce travail. Cela a de-
mande´ une e´tude des ressources et approches existantes afin de s’assu-
rer de leur pertinence et de leur qualite´. Les voies me´taboliques sont
de´crites dans plusieurs grandes bases de donne´es. Les ge`nes qui y in-
terviennent sont annote´s par des ensembles de termes organise´s au
sein d’une structure se´mantique particulie`re appele´e  ontologie . Des
me´thodes propres aux ontologies ont e´te´ de´veloppe´es par de nombreuses
e´quipes afin de comparer ces ensembles d’annotations. Nous re´pertorions
donc ici les bases de donne´es de voies me´taboliques, de´crivons les pro-
prie´te´s des ontologies en ge´ne´ral et de Gene Ontology en particulier,
puis pre´sentons les me´thodes de mesure de similarite´ se´mantique qui
permettent la comparaison de produits de ge`nes.
30 CHAPITRE 2. MATE´RIEL ET ME´THODES
Sommaire
1 Ressources disponibles . . . . . . . . . . . . . . . . . . . . . . 30
1.1 Bases de donne´es de voies me´taboliques . . . . . . . . . . . . 30
1.1.1 Reactome . . . . . . . . . . . . . . . . . . . . . . . . 30
1.1.2 BioCyc et MetaCyc . . . . . . . . . . . . . . . . . . 31
1.1.3 Kegg . . . . . . . . . . . . . . . . . . . . . . . . . . 32
1.1.4 Wikipathway . . . . . . . . . . . . . . . . . . . . . . 32
1.1.5 Ingenuity . . . . . . . . . . . . . . . . . . . . . . . . 33
1.2 Bases de connaissances et ontologies . . . . . . . . . . . . . . 33
1.2.1 De´finition et proprie´te´s d’une ontologie . . . . . . . 33
1.2.2 Gene Ontology . . . . . . . . . . . . . . . . . . . . . 36
1.2.3 Gene Ontology Annotation . . . . . . . . . . . . . . 37
2 Comparaison de termes et d’ensembles de termes d’une
ontologie . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.1 Me´triques simples : Jaccard et Dice . . . . . . . . . . . . . . 43
2.2 Mesures de distances et similarite´s se´mantiques . . . . . . . . 43
2.2.1 Me´thodes base´es sur les areˆtes . . . . . . . . . . . . 44
2.2.2 Me´thodes base´es sur les nœuds . . . . . . . . . . . . 45
2.2.3 Me´thodes hybrides . . . . . . . . . . . . . . . . . . . 46
3 Synthe`se . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
1 Ressources disponibles
1.1 Bases de donne´es de voies me´taboliques
Il existe plusieurs bases de donne´es de voies me´taboliques. Elles diffe`rent par trois
aspects principaux. Premie`rement, elles peuvent eˆtre de´die´es a` une seule espe`ce ou a`
plusieurs. Deuxie`mement, chacune d’entre elles de´finit diffe´remment le de´coupage des
suites de re´actions qui constituent une voie me´tabolique. Troisie`mement, le formalisme
employe´ par chaque base de donne´es lui est ge´ne´ralement propre, ce qui rend difficile
la comparaison ou la combinaison des donne´es issues de plusieurs bases. Une e´tude
re´cente a montre´ que les donne´es disponibles dans les grandes bases de donne´es de
voies me´taboliques ont un faible niveau de cohe´rence, d’exhaustivite´ et de compatibi-
lite´ [Soh et al., 2010].
1.1.1 Reactome
Reactome 1 est une base de donne´es de voies me´taboliques multi-espe`ces [Croft
et al., 2011]. Cependant, le cœur de Reactome concerne l’Humain, les e´ve`nements or-
thologues concernant une vingtaine d’autres espe`ces e´tant manuellement inferre´s. Les
1. http://www.reactome.org
1. RESSOURCES DISPONIBLES 31
donne´es sont toutes revues manuellement par des experts biologistes. L’unite´ de base
employe´e pour de´crire une voie me´tabolique est la re´action. Les diffe´rentes entite´s bio-
logiques participant aux re´actions biochimiques forment un re´seau d’interactions biolo-
giques et sont groupe´s au sein de grandes voies me´taboliques. Tout le contenu de Reac-
tome est librement disponible dans des formats d’e´change standards tels que SBML et
BioPAX. SBML encode au format XML des mode`les constitue´s d’entite´s (mole´cules) inter-
ragissant dans des processus (re´actions). BioPAX (Biological Pathway Exchange) est un
format standard base´ sur RDF/OWL qui a pour but de repre´senter les voies me´taboliques
au niveau mole´culaire et cellulaire. BioPAX est plus complet que SBML graˆce au niveau
se´mantique apporte´ par OWL (Web Ontology Language), qui permet l’application de rai-
sonnements a` l’aide d’outils comme Prote´ge´. La figure 1 pre´sente le nombre de voies
me´taboliques, re´actions, complexes et prote´ines recense´s par Reactome en juin 2013.
Graˆce a` son formalisme standard, sa gratuite´ et la pre´sence de la poule parmi les orga-
nismes disponibles, Reactome a e´te´ la base de donne´es de re´fe´rence pour les travaux
mene´s au cours de cette the`se.
FIGURE 1 – Nombre de voies me´taboliques, re´actions, complexes et prote´ines recense´s par Reac-
tome en juin 2013.
1.1.2 BioCyc et MetaCyc
BioCyc rassemble pre`s de 3000 bases de donne´es de voies me´taboliques, chacune
d’entre elles e´tant mono-espe`ce, a` l’exception d’une seule (MetaCyc) [Caspi et al., 2012].
Ces bases de donne´es sont classe´es dans trois niveaux en fonction de leur degre´ de
curation.
Le premier niveau contient des bases revues manuellement. Il s’agit des bases concer-
nant Homo sapiens, Escherichia coli K12, Arabidopsis thaliana, Saccharomyces cerevi-
siae et Leishmania major. A` ces bases mono-espe`ce s’ajoute la seule base multi-espe`ces
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de BioCyc : MetaCyc. Cette base de donne´es du premier tiers de BioCyc contient l’infor-
mation de 2042 voies me´taboliques pour 2414 organismes et sert de base a` l’infe´rence
automatique pour les deux autres tiers de BioCyc.
Le deuxie`me niveau concerne des espe`ces pour lesquelles les donne´es ont e´te´ ob-
tenues par infe´rence e´lectronique et qui ont subi un processus de revue manuelle moins
pousse´ que dans le premier tiers. Parmi les 35 espe`ces de ce deuxie`me tiers, toutes sont
des bacte´ries ou des virus, a` l’exception de Mus musculus, Bos taurus et Drosophilia
melanogaster.
Enfin le dernier niveau de BioCyc concerne les voies me´taboliques de 2948 espe`ces
de bacte´ries et de virus. Les donne´es de ce dernier tiers sont issues d’infe´rences
e´lectroniques ge´ne´re´es par un programme nomme´ PathoLogic capable de pre´dire les
voies me´taboliques d’un organisme a` partir de son ge´nome [Paley et Karp, 2002].
Les seuls verte´bre´s pre´sents dans BioCyc sont donc l’Homme (niveau 1), la Souris
(niveau 2) et la Vache (niveau 2). Le contenu de BioCyc est disponible en contractant
une license qui est gratuite pour des besoins de recherche acade´mique. Les donne´es
sont au format BioPAX. La faible repre´sentation de verte´bre´s dans BioCyc, et notamment
l’absence de la Poule, a conduit a` envisager de n’utiliser BioCyc que dans le cadre d’une
ge´ne´ralisation ulte´rieure a` la the`se des me´thodes de´veloppe´es a` d’autres espe`ces.
1.1.3 Kegg
KEGG est une base de donne´es de voies me´taboliques, revues manuellement, qui
concerne plusieurs espe`ces et qui a e´te´ de´veloppe´e pour l’analyse des fonctionnalite´s
des cellules, des organismes et des e´cosyste`mes [Kanehisa et Goto, 2000]. Elle se base
sur l’information mole´culaire issue de technologies expe´rimentales a` haut-de´bit telles que
le se´quenc¸age de ge´nomes. KEGG re´pertorie 2793 espe`ces, dont 192 eukaryotes. Parmi
ceux-ci, on compte 26 verte´bre´s dont l’Humain, la Souris et la Poule.
Depuis 2011, le te´le´chargement des donne´es de KEGG demande de souscrire une
licence payante. Ces donne´es sont dans un format propre de´veloppe´ par KEGG, le format
KGML. Ces deux derniers points nous ont tre`s rapidement incite´ a` abandonner l’utilisation
de KEGG.
1.1.4 Wikipathway
Wikipathway est un projet collaboratif visant a` e´laborer une base de donne´es de
voies me´tabolique multi-espe`ces [Pico et al., 2008]. Wikipathway reprend d’une part les
sche´mas de voies me´taboliques disponibles dans d’autres bases de donne´es telles que
Reactome ou KEGG, et d’autre part propose des sche´mas cre´e´s par les utilisateurs a`
l’aide d’un outil d’e´dition graphique. Les donne´es sont librement te´le´chargeables sous
diffe´rents formats, dont BioPAX. En raison de sa nature collaborative, Wikipathway a une
composition plus he´te´roge`ne (dans les repre´sentations et formalismes adopte´s) que les
autres bases de donne´es disponibles. Par conse´quent, Wikipathway n’a e´te´ utilise´ dans
cette the`se qu’a` des fins de recherche d’exemples et de ve´rifications croise´es ponctuelles.
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1.1.5 Ingenuity
Ingenuity Pathway Analysis (IPA) est un outil de´veloppe´ par Ingenuity Systems pour
l’e´tude des voies me´taboliques et re´seaux biologiques 2. Il fonctionne selon un mode`le non
libre payant. L’export de donne´es ge´ne´re´es par IPA est tre`s limite´ et ne se preˆte pas a` leur
inclusion dans une e´tude a` grande e´chelle. L’inte´reˆt d’IPA dans le cadre d’une telle e´tude
re´side en la possibilite´ de confirmer manuellement une hypothe`se particulie`re obtenue
avec un autre outil.
1.2 Bases de connaissances et ontologies
En comple´ment des bases de donne´es, il existe des bases de connaissances et
ontologies qui re´pertorient et structurent les informations relatives aux domaines qui
nous inte´ressent. Elles constituent une ressource essentielle pour l’annotation des
connaissances. Elles permettent l’application de raisonnements afin de faire apparaıˆtre
des connaissances implicites a` partir de celles disponibles dans les grandes bases de
donne´es.
1.2.1 De´finition et proprie´te´s d’une ontologie
Une ontologie est une repre´sentation formelle des connaissances symboliques dans
laquelle les concepts (classes) sont de´crits a` la fois par leur signification et par leurs re-
lations [Bard et Rhee, 2004]. Une ontologie se pre´sente sous la forme d’un graphe dans
lequel chaque nœud est une classe relative au domaine de´crit par l’ontologie. Ces nœuds
peuvent eˆtre relie´s par diffe´rents liens, le lien le plus fre´quent e´tant la relation “Is a”, qui
relie une classe a` une super-classe.
Le graphe d’une ontologie est oriente´, c’est-a`-dire que les relations entre les nœud ont
un sens. Cela permet la description de la connaissance formalise´e en allant des concepts
les plus ge´ne´raux aux plus pre´cis. Dans une ontologie, une  classe  (ou  concept ,
ou  terme ) est un nœud du graphe. Les termes situe´s en amont d’un nœud sont ses
 anceˆtres  et ceux situe´s en aval sont ses  descendants . Parmi les anceˆtres d’un
terme, ceux qui ne sont se´pare´s de ce terme que par une relation sont ses  parents .
De meˆme, parmi les descendants d’un terme, ceux qui ne sont se´pare´s de ce terme que
par une relation sont ses  enfants . Le concept le plus ge´ne´ral d’une ontologie n’a pas
de parent ; il s’agit de la  racine .
La figure 2 pre´sente une ontologie tre`s simple et non exhaustive des verte´bre´s. Il s’agit
d’une portion de la NCBI Taxonomy of species 3 simplifie´e pour la clarete´ de l’explication.
Dans cet exemple, tous les termes sont lie´s par une relation “is a”. Chaque terme a un ou
plusieurs enfants et un seul parent (sauf la racine). Cette structure est celle d’un arbre, et
notre ontologie est une simple taxonomie.
2. Ingenuity Systems, www.ingenuity.com
3. http://www.ncbi.nlm.nih.gov/taxonomy
34 CHAPITRE 2. MATE´RIEL ET ME´THODES
FIGURE 2 – Ontologie non exhaustive des verte´bre´s. Les relations sont toutes des liens “is a”.
Les  verte´bre´s  constituent un sous-embranchement du re`gne animal. Il se divise en plusieurs
classes, dont deux sont figure´es ici : les  mammife`res  et les  poissons . Chaque classe peut
eˆtre subdivise´e en plusieurs groupes qui comprennent chacune des espe`ces.
Les concepts qui constituent les nœuds d’une ontologie peuvent eˆtre utilise´s pour
de´crire des donne´es par un processus d’annotation. L’inte´reˆt d’une ontologie re´side en
trois proprie´te´s importantes :
– Une ontologie est ge´ne´rique, c’est-a`-dire que la connaissance qui y est formalise´e
est vraie tout le temps, par opposition aux donne´es annote´es, qui sont anecdoc-
tiques. Ainsi,  Wallace est un chien  est une annotation anecdotique, alors que
 les chiens sont des mammife`res  est une connaissance universelle.
– Une ontologie permet le partage et la re´utilisation des connaissances. En effet,
une meˆme ontologie peut servir a` annoter diffe´rents jeux de donne´es. Ainsi, la taxo-
nomie des espe`ces 4 base´e sur celle de Carl von Linne´ sert de re´fe´rence a` des
travaux de nombreux domaines. Les principales ontologies biome´dicales sont dis-
ponibles sur bioportal [Whetzel et al., 2011] ou obofoundry 5.
– Il est possible de proce´der a` du raisonnement sur une ontologie [Eiter et al., 2006].
Plusieurs types de raisonnements peuvent eˆtre applique´s, voire combine´s comme
la ge´ne´ralisation ou l’abstraction, la classification, la mesure de distance ou de si-
milarite´ entre concepts ou ensembles de concepts [Jun et al., 2002; Shahar et al.,
1999; Zhao et al., 2009; Wolstencroft et al., 2006; Kulik et al., 2005].
Une ontologie permet une meilleure exploitation des donne´es stocke´es dans les bases
de donne´es. Cela recouvre deux types d’ame´lioration, qui ne sont pas exclusives. Une
ontologie permet d’enrichir les requeˆtes afin de re´duire le bruit et le silence. Une ontologie
permet aussi d’interpre´ter les re´sultats d’une requeˆte afin d’en tirer des connaissances
implicites au premier abord.
Dans une ontologie, certaines relations, telle la relation “is a”, sont transitives, permet-
tant l’he´ritage des anceˆtres. Cela signifie que si un terme C est relie´ a` un terme B par une
relation “is a” et que B est e´galement relie´ relie´ a` A par un “is a”, alors on pourra dire que
C is a A. Cette re`gle est vrai quelque soit le nombre de termes  interme´diaires . Ainsi,
dans l’ontologie donne´e en exemple, Homo sapiens et Mus musculus sont tous deux des
placentaires mais e´galement des mammife`res. Macropus rufus (le kangourou roux) est
aussi un mammife`re, mais par contre il n’est pas placentaire mais marsupial.
4. http://www.ncbi.nlm.nih.gov/taxonomy/
5. http://www.obofoundry.org/
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En plus de la relation “is a” qui de´finit une hie´rarchie de classes, une ontologie peut
comporter des proprie´te´s affecte´es a` certaines classes. Dans la Figure 3, des proprie´te´s
sont associe´es a` certaines classes. Par exemple, on peut affecter la proprie´te´ ”a la ca-
pacite´ de nager” a` la classe  poisson . Cette proprie´te´ s’applique alors a` toutes les
instances de la classes  poisson , qu’elles soient directes ou indirectes, c’est-a`-dire
instances d’une sous-classe de  poisson . Puisque Salmo salar est une sous-classe de
 poisson , on en de´duit que les saumons ont la capacite´ de nager. Il faut remarquer qu’il
s’agit ici d’une condition ne´cessaire (tous les poissons ont ne´cessairement la capacite´ de
nager) mais pas suffisante (des animaux qui ne sont pas des poissons peuvent aussi avoir
cette capacite´).
Il est e´galement possible d’affecter une proprie´te´ ne´cessaire et suffisante a` une
classe, qui agit alors comme une de´finition. Par exemple, on peut de´finir la classe
 mammife`re  comme l’ensemble des animaux posse´dant des glandes mammaires et
allaitant leurs petits. Puisqu’il s’agit d’une condition ne´cessaire, cette de´finition s’applique
naturellement a` toutes les instances de mammife`re. Le fait que ce soit e´galement une
condition suffisante permet de de´duire que si un animal posse`de des glandes mammaires
et allaite ses petits, alors c’est une instance de mammife`re. Si on avait (de fac¸on errone´e)
fait de la capacite´ de nager une de´finition de la classe poisson, on aurait pu en de´duire
que les dauphins sont des poissons. A l’inverse, la respiration exclusivement branchiale
est propre aux poissons, faisant de cette proprie´te´ une condition ne´cessaire et suffisante
(le terme  exclusivement  ayant son importance pour ne pas classer les amphibiens
parmi les poissons en raison des branchies qu’ils ne posse`dent qu’au stade larvaire).
FIGURE 3 – Ontologie non exhaustive des animaux. Chaque classe peut avoir plusieurs proprie´te´s.
Ici, 7 classes sont de´crites chacune par une proprie´te´.
Il est important d’eˆtre exhaustif dans la de´finition des classes afin de ne pas faire d’er-
reur. Ainsi, si on ajoute une classe  Oiseau  a` notre exemple, simplement de´crite par les
proprie´te´s  posse`de un bec  et  est ovipare , il sera possible de classer Ornithorhyn-
chus anatinus (l’ornithorynque) a` la fois dans les mammife`res (parce qu’il allaite ses petits)
et dans les oiseaux (parce qu’il a un bec et pond des œufs). Pour e´viter ce genre d’erreurs,
il est possible d’utiliser la disjonction. Ainsi, dans la taxonomie des verte´bre´s, toutes les
classes sont disjointes : il est impossible d’appartenir a` plusieurs classes a` la fois. Ajouter
suffisamment de proprie´te´s dans la description des classes et utiliser la disjonction a` bon
escient permet d’e´viter les erreur.
36 CHAPITRE 2. MATE´RIEL ET ME´THODES
Toutes les classes d’une ontologie ne sont pas re´parties de fac¸on homoge`ne. On parle
de diffe´rences de granularite´. La figure 4 ajoute la classe  Oiseau  a` notre exemple
d’ontologie des verte´bre´s. Or cette classe n’est pas subdvise´e en groupes. Les espe`ces
qui respectent les proprie´te´s de la classe  Oiseau  y sont directement rattache´es. Seuls
deux liens se´parent ainsi  Gallus gallus  de la racine de l’ontologie, contre trois pour
Homo sapiens : il y a une diffe´rence de granularite´.
FIGURE 4 – Ontologie non exhaustive des animaux. On constate une diffe´rence de granularite´ entre
les espe`ces Ciconia ciconia et Gallus gallus qui sont directement attache´s a` la classe taxomique des
oiseaux et les autres espe`ces qui de´pendent d’abord d’un groupe taxonomique avant d’eˆtre attache´
a` une classe taxonomique.
Enfin, une proprie´te´ importante des ontologies est pre´sente´e dans la Figure 5 :
l’he´ritage multiple. A partir du moment ou` deux classes ne sont pas disjointes, plusieurs
sous-classes peuvent s’y rattacher. Dans cette ontologie qui classifie les animaux en
fonction de leur cadre de vie, on peut voir que certains animaux peuvent se trouver dans
plusieurs cadres de vie diffe´rents. Ainsi, Oryctolagus cuniculus (le lapin) peut vivre a` l’e´tat
sauvage comme eˆtre domestique´ ou e´leve´ pour sa viande ou dans un laboratoire. Dans
cet exemple, les cadres de vie ne sont pas disjoints, alors que les espe`ces qui y vivent le
sont.
FIGURE 5 – Ontologie d’animaux classe´s en fonction de leur cadre de vie. Chaque espe`ce peut se
trouver dans diffe´rent cadres de vie.
1.2.2 Gene Ontology
Gene Ontology (GO) est un projet visant a` standardiser la repre´sentation des connais-
sances concernant les ge`nes et produits de ge`nes [Ashburner et al., 2000]. GO propose
un vocabulaire controˆle´, compose´ de termes hierarchise´s et permettant de de´crire les ca-
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racte´ristiques d’un produit de ge`ne. Ce vocabulaire est commun a` tous les produits de
ge`nes, quels que soient les ge`nes et les espe`ces conside´re´s. GO est divise´ en trois sec-
tions principales inde´pendantes relatives aux processus biologiques (biological process,
BP), aux fonctions mole´culaires (molecular functions, MF) et aux composants cellulaires
(cellular component, CC).
Les nœuds de Gene Ontology sont des termes de´crivant les caracte´ristiques d’un
produit de ge`ne. Ils sont appele´s “Termes GO”. Ces termes GO sont lie´s par cinq relations
diffe´rentes :
– “Is a” est une relation simple de type classe/sous-classe. A is a B signifie que A est
une sous-classe de B, c’est-a`-dire que toutes les instances de A sont des instances
de B. Si A is a B is a C, on peut infe´rer que A is a C.
– “Part of” est une relation de composition partielle. C part of D signifie que chaque
instance de C est toujours une partie d’au moins une instance de D. Cela n’implique
pas que toutes les instances de D aient au moins une partie qui soit une instance
de C. Si A part of B part of C, alors A part of C.
– La relation “Regulates” et ses 2 sous-relations “Positively Regulates” et “Negatively
Regulates” de´crivent une interaction entre un processus biologique et un autre. A
Regulates B signifie que chaque instance de A re´gule B, mais que toutes les ins-
tances de B ne sont pas force´ment re´gule´es par A. Si A regulates B is a C, ou
bien si A is a B regulates C, alors A regulates C. Il en va de meˆme pour les
relations Positively et Negatively Regulates.
La figure 6 pre´sente un extrait de GO.
FIGURE 6 – Extrait de Gene Ontology. Les relations entre les termes sont repre´sente´es par les
fle`ches colore´es. L’initiale du nom de la relation figure sur la fle`che (I : is a, P : part of, R sur
fond noir : regulates, R sur fond rouge : negatively regulates et R sur fond vert : positively
regulates). Cette image est issue de la documentation du site web de GO.
1.2.3 Gene Ontology Annotation
Gene Ontology Annotation (GOA) est un projet du European Bioinformatics Institute
(EBI) ayant pour but l’annotation de produits de ge`nes de diffe´rentes espe`ces par des
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termes GO [Camon et al., 2003]. Il se base sur plusieurs bases de donne´es comme Uni-
Prot ou Ensembl, chaque entre´e restant unique. GOA est donc un trait d’union entre ces
bases de donne´es et Gene Ontology [Hill et al., 2008]. Chaque produit de ge`ne est iden-
tifie´ dans GOA par son symbole et son nume´ro de taxon, ainsi que par un id propre a`
chaque base de donne´es de ge`nes. C’est par le biais de cette identification que chaque
produit de ge`ne est associe´ a` un ou plusieurs termes GO.
La base de donne´es GOA propose des tables se´pare´es pour les annotations de pro-
duits de ge`nes de 7 espe`ces mode`les (Humain, Souris, Rat, Arabidopsis, Poule, Vache et
Poisson Ze`bre) ainsi que celles de produits de ge`nes re´pertorie´s dans diverses bases de
donne´es inter-espe`ces (PDB, UniProt, Proteomes...).
La fac¸on dont un terme GO a e´te´ associe´ a` un produit de ge`ne au cours du
processus d’annotation est pre´cise´e par un “Evidence Code” (EC). Il en existe actuel-
lement 21 diffe´rents. Ces EC sont se´pare´s en 5 cate´gories principales de niveau de
preuve : expe´rimental (Experimental EC), computationnel (Computational Analysis EC),
de´claration d’auteur (Author Statement EC), de´claration de correcteur (Curator Statement
EC) et annotation automatique (Automatically-assigned EC). Tous ces niveaux sont
subdivise´s en EC plus pre´cis sauf le dernier qui ne contient que le code Inferred from
Electronic Annotation (IEA), qui est le seul code qui qualifie une annotation non ve´rifie´e
par un correcteur. La Figure 7 pre´sente les evidence codes de GO organise´s dans une
ontologie. Nous avons ajoute´ des cate´gories interme´diaires (en bleu) pour construire cette
ontologie que nous avons utilise´e par la suite.
Gene Ontology pre´cise que les Evidence Codes ne sont pas des indicateurs de la
qualite´ des annotations, et ne doivent par conse´quent pas eˆtre utilise´s comme une me-
sure de cette qualite´. Cependant, il est aussi pre´cise´ que dans chaque cate´gorie de
codes, les me´thodes utilise´es produisent des annotations de plus ou moins haut niveau de
confiance et spe´cificite´. Il re´sulte de ce point de vue que les annotations associe´es a` un
EC expe´rimental sont ge´ne´ralement conside´re´es comme e´tant de meilleure fiabilite´ que
les autres, bien que cela n’ait pas e´te´ de´montre´ [Rhee et al., 2008]. Il faut de plus souligner
que l’annotation automatique (code IEA) repre´sente 93.67% de la totalite´ des annotations
pre´sentes dans la table multi-espe`ces de GOA base´e sur les identifiants UniProt. Ce taux
d’annotations infe´rre´es automatiquement varie entre les espe`ces. Les Figures 8, 9 et 10
montrent la re´partition des evidence codes dans l’annotation respective de la poule, de la
souris et de l’humain.
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FIGURE 7 – Ontologie des evidence codes de GO. Les nœuds des EC utilise´s dans GO sont jaunes,
les nœuds ajoute´s pour l’organisation de cette ontologie sont bleus.
L’association d’un terme a` un ge`ne peut eˆtre pre´cise´e par un “qualifier”.
– Le qualifier NOT dit que le ge`ne n’est pas associe´ avec le terme GO mentionne´.
Dans le cas ou` une prote´ine P pre´sente par exemple une forte similarite´ de
se´quence avec une enzyme E, mais qu’il a e´te´ prouve´ expe´rimentalement que
P n’a aucune activite´ enzymatique, le fait de l’annoter avec le terme  activite´
enzymatique  et le qualifier NOT empeˆche que l’annotation automatique associe
 activite´ enzymatique  a` un autre produit de ge`ne pre´sentant e´galement une
forte similarite´ de se´quence avec l’enzyme E et la prote´ine P. Par conse´quent,
aucun terme associe´ au code IEA n’est pre´cise´ par le qualifier NOT, les potentiels
faux positifs e´tant e´limine´s en amont de l’annotation par infe´rence e´lectronique.
– “Colocalizes with” ne concerne que les termes de la branche Cellular Component,
et signifie que le produit du ge`ne est associe´ a` un organite ou a` un complexe.
– “Contributes to” ne concerne que les termes de la branche Molecular Function, et
signifie que le produit du ge`ne prend part a` un complexe. Ce complexe appartenant
a` un cadre cellulaire, un ge`ne ayant un terme qualifie´ par “Contributes to” doit avoir
e´galement un terme classe´ dans Cellular Component de´crivant le complexe.
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FIGURE 8 – Re´partition des EC chez la poule. 95.9% de l’annotation de la poule provient d’un
processus d’infe´rence automatique non revue manuellement par un curateur.
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FIGURE 9 – Re´partition des EC chez la souris. 51.2% de l’annotation de la souris provient d’un
processus d’infe´rence automatique non revue manuellement par un curateur.
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FIGURE 10 – Re´partition des EC chez l’humain. 77% de l’annotation de l’humain provient d’un
processus d’infe´rence automatique non revue manuellement par un curateur.
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2 Me´thodes de comparaison de termes et
d’ensembles de termes d’une ontologie
Notre objectif e´tait de de´velopper une me´thode pour comparer fonctionnellement les
voies me´taboliques entre espe`ces sur la base des annotations des produits de ge`nes qui y
interviennent. Ces annotations sont disponibles dans Gene Ontology Annotation. Chaque
ge`ne peut eˆtre annote´ par plusieurs termes de Gene Ontology. Il nous fallait donc utiliser
une approche permettant de comparer des ensembles de termes d’une ontologie afin de
quantifier la similarite´ entre ces ensembles.
2.1 Me´triques simples : Jaccard et Dice
L’index de Jaccard est le rapport entre la taille de l’intersection des ensembles
conside´re´s et la taille de l’union des ensembles. L’e´quation 1 permet de calculer l’index de
Jaccard des ensembles A et B.
J(A,B) =
|A ∩B|
|A ∪B| (1)
Le cœfficient de Dice est le rapport entre le double de la taille de l’intersection des
ensembles conside´re´s et la taille de l’union des ensembles. L’e´quation 2 permet de calculer
le cœfficient de Dice des ensembles A et B.
D(A,B) =
2|A ∩B|
|A|+ |B| (2)
Il est possible de convertir ces deux me´triques a` l’aide de la formule 3 :
D =
2× J
1 + J
(3)
Ces deux me´triques ensemblistes sont bien adapte´es pour calculer des similarite´s
entre des e´le´ments inde´pendants les uns des autres et e´quiprobables. Ce n’est pas le cas
des annotations GO, qui ne ve´rifient aucun de ces deux principes. En effet, les termes
GO ne sont pas inde´pendants puisque chaque terme he´rite de l’information contenue
dans ses anceˆtres. Ils ne sont pas non plus e´quiprobables, parce que certains termes GO
annotent plus de produits de ge`nes que d’autres termes GO de meˆme pre´cision [Mazandu
et Mulder, 2012].
2.2 Mesures de distances et similarite´s se´mantiques
Afin de prendre en compte les proprie´te´s d’une ontologie, des mesures plus complexes
ont e´te´ de´veloppe´es pour comparer des termes et des ensembles de termes. On parle de
mesures de distances et de similarite´s se´mantiques. Pesquita et al. [2009] ont proce´de´ a`
une revue de ces mesures, qui se de´clinent en trois cate´gories selon qu’elles sont base´es
sur un comptage d’areˆtes, sur une valeur attribue´e aux nœuds, ou sur une combinaison
des deux. La plupart des mesures pre´sente´es ci-apre`s ne concernent que la similarite´
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entre deux termes, et non entre deux ensembles de termes. Or lorsqu’on souhaite obtenir
la similarite´ se´mantique entre deux ge`nes, on a besoin de comparer les deux ensembles
X et Y constitue´s par les termes qui les annotent. Lors d’une comparaison d’ensembles
de termes, il faut donc calculer la similarite´ de chaque terme du premier ensemble avec
chaque terme du deuxie`me. La similarite´ des ensembles peut ensuite eˆtre obtenue de
trois fac¸ons :
– En calculant la moyenne des re´sultats de toutes ces comparaisons entre
termes [Lord et al., 2003].
– En calculant cette meˆme moyenne en ne conside´rant pour chaque terme que sa
plus haute valeur de similarite´ lorsqu’on le compare a` l’autre ensemble [Couto et al.,
2007; Azuaje et al., 2006; Wang et al., 2007]. Un exemple de ce mode de calcul est
donne´ dans les e´quations 13 et 14 plus loin dans ce document.
– En prenant le maximum de tous les re´sultats des comparaisons entre termes [Sevilla
et al., 2005].
2.2.1 Me´thodes base´es sur les areˆtes
1. Distance de Rada
La distance de Rada entre deux termes A et B appartenant a` un graphe est e´gale
au nombre minimal d’arreˆtes qui les se´pare [Rada et al., 1989]. Cette mesure est
comparable a` l’algorithme de Dijkstra qui calcule le plus court chemin entre deux
points d’un graphe [Dijkstra, 1959].
2. Mesure de Wu et Palmer
La mesure de Wu et Palmer [1994] compare deux termes A et B au sein d’un graphe
de racine R en utilisant trois distances : D1 la distance entre A et R, D2 la distance
entre B et R et D la distance entre le plus proche anceˆtre commun de A et de B et
R. La figure 11 illustre l’e´quation 4.
FIGURE 11 – Illustration de la mesure de Wu et Palmer.
Sim(A,B) =
2 ∗D
D1 +D2
(4)
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3. Mesure de Pekar et Staab
Cette mesure utilise des distances D1 et D2 correspondant au plus long chemin
entre les termes a` comparer A et B et leur plus proche anceˆtre commun C, ainsi
qu’une distance D correspondant au plus long chemin entre C et la racine R [Pekar
et Staab, 2002]. Le calcul est pre´sente´ dans l’e´quation 5. Cette mesure a e´te´ utilise´e
sur GO par Yu et al. [2005].
Sim(A,B) =
D
D +D1 +D2
(5)
2.2.2 Me´thodes base´es sur les nœuds
1. Mesure de Resnik
Resnik a de´veloppe´ sa mesure pour calculer la similarite´ entre des termes de Word-
Net [Resnik, 1999]. Il attribue a` chaque terme une valeur qui repre´sente la quan-
tite´ d’information qu’il contient. On parle de “Contenu d’information” (Information
content, IC). Ce concept est utilise´ par toutes les autres mesures base´es sur les
nœuds. L’IC d’un terme de´pend de la probabilite´ de le rencontrer. Plus un terme est
rare, plus il est conside´re´ comme informatif. Et inversement, plus la probabilite´ de
rencontrer un terme est faible, plus son IC est e´leve´. L’IC du terme A est calcule´ en
appliquant l’e´quation 6 :
IC(A) = − logP (A) (6)
La similarite´ se´mantique entre deux termes A et B est l’IC de leur anceˆtre commun
le plus informatif (Most Informative Common Ancestor, MICA).
2. Mesure de Jiang/Conrath
Cette mesure se base e´galement sur l’IC, mais a` la diffe´rence de Resnik, elle prend
en compte la distance entre les termes compare´s et leur MICA [Jiang et Conrath,
1997].
SimJC(A,B) = 1− IC(A) + IC(B)− 2× IC(MICA) (7)
3. Mesure de Lin
Comme la pre´ce´dente, la mesure de Lin utilise l’IC en tenant compte de la distance
entre les termes compare´s et leur MICA [Lin, 1998].
SimLin(A,B) =
2× IC(MICA)
IC(A) + IC(B)
(8)
4. Mesure de Schliker
Cette mesure ponde`re la mesure de Lin par la probabilite´ du MICA afin de faire en
sorte que le re´sultat varie selon la position des termes A et B dans le graphe et non
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seulement selon la distance entre ces termes et leur anceˆtre commun [Schlicker
et al., 2006].
SimSch(A,B) = SimLin(A,B)× (1− log(P (MICA))) (9)
5. Mesure de Couto
Pour prendre en compte le fait que deux termes peuvent avoir plusieurs anceˆtres
communs disjoints (Disjoint Common Ancestors, DCA), Couto applique toutes les
mesures pre´ce´demment propose´es en remplac¸ant l’IC du MICA par la moyenne de
l’IC de tous les DCA [Couto et al., 2007].
2.2.3 Me´thodes hybrides
Il est possible de combiner les deux principes pre´ce´dents dans une mesure hybride.
1. Mesure de Wang
Wang attribue a` chaque terme une valeur se´mantique [Wang et al., 2007]. Cette
de´marche rele`ve de la cate´gorie des mesures base´es sur les nœuds. Cependant,
cette valeur se´mantique est elle-meˆme calcule´e en parcourant le graphe, ce qui
rele`ve de la cate´gorie des mesures base´es sur les areˆtes.
Prenons un exemple concret pour expliquer le fonctionnement de la me´thode de
Wang. Soient deux ensembles de termes GO “Set 1” et “Set 2” qui annotent deux
ge`nes diffe´rents que l’ont souhaite comparer (Figure 12). Ils n’ont chacun que 33%
d’annotations communes. La figure 13 place ces termes dans le graphe de GO et la
Figure 14 proce`de a` l’extention aux anceˆtres de chaque terme. Chaque terme he´rite
en effet de la connaissance porte´e par ses anceˆtres. La proportion d’annotations
communes devient 62.5% pour le Set 1 et 83.3% pour le Set 2.
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FIGURE 12 – Set 1 et Set 2 sont deux ensembles de termes GO annotant deux ge`nes.
Wang commence par calculer les contributions se´mantiques des anceˆtres de cha-
cun des termes a` comparer (e´quation 10).{
SA(A) = 1
SA(t) = max{we ∗ SA(t′) | t′ ∈ children of (t)} if t 6= A
(10)
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FIGURE 13 – Les termes de Set 1 et Set 2 sont
hierarchise´s dans GO.
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FIGURE 14 – Les anceˆtres des termes de Set
1 et Set 2 appartiennent implicitement a` ces en-
sembles.
Dans cette e´quation, SA(t) est la contribution se´mantique du terme t au terme A et
we est le facteur de contribution se´mantique pour l’arreˆte e qui relie un terme t a`
son enfant t’. Wang a de´fini les facteurs de contribution se´mantiques suivants : wisa
= 0,8 et wpartof = 0,6. Ensuite, la valeur se´mantique de chaque terme a` comparer
est de´finie d’apre`s l’e´quation 11. Ce calcul est illustre´ pour les termes “Caveola” et
“Endoplasmic reticulum” de notre exemple dans les Figures 15 et 16.
SV (A) =
∑
t∈TA
SA(t) (11)
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FIGURE 15 – La valeur se´mantique de “Ca-
veola” est e´gale a` la somme des contributions
se´mantiques de ses anceˆtres, soit 2.368.
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FIGURE 16 – La valeur se´mantique de “En-
doplasmic reticulum” est e´gale a` la somme des
contributions se´mantiques de ses anceˆtres, soit
2.952.
La comparaison entre deux termes A et B se calcule avec l’e´quation 12 :
SGO(A,B) =
∑
t∈TA∩TB
(SA(t) + SB(t))
SV (A) + SV (B)
(12)
Ainsi, la similarite´ entre “Caveola” et “Endoplasmic reticulum” est de 0.36
(Figure 17).
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2.368 + 2.952
0.48 + 0.288 + 0.64 + 0.512 = 0.36Sim(Caveola, ER) =
FIGURE 17 – La similarite´ se´mantique entre “Caveola” et “Endoplasmic reticulum” est e´gale au
rapport de la somme des contributions se´mantiques de leurs anceˆtres communs et de la somme de
leurs valeurs se´mantiques.
La similarite´ entre un terme “go” et un ensemble de termes “GO” se calcule avec
l’e´quation 13 :
Sim(go,GO) = max
16i6k
(SGO(go, goi)) (13)
Ainsi, la similarite´ entre “Caveola” et “Set 2” est de 0.78 (Figure 18).
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FIGURE 18 – La similarite´ se´mantique entre “Caveola” et Set 2 est e´gale a` la plus grande similarite´
se´mantique mesure´e entre “Caveola” et chacun des termes appartenant a` Set 2.
Enfin, la similarite´ entre deux ge`nes se calcule avec l’e´quation 14, illustre´e pour
notre exemple par la Figure 19. Le re´sultat de la mesure de Wang e´tant borne´ entre
0 et 1, la valeur de 0.75 obtenue est bien plus forte que les 33% d’annotations
communes que l’on trouvait initialement pour les deux ensembles. Comme elle tient
compte de la contribution se´mantique des anceˆtres des termes compare´s, cette
valeur de similarite´ repre´sente mieux la re´alite´.
Sim(G1, G2) =
∑
16i6m
(Sim(go1i, GO2) +
∑
16j6n
(Sim(go2j , GO1)
m+ n
(14)
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FIGURE 19 – La similarite´ se´mantique entre Set 1 et Set 2 est e´gale au rapport entre la somme de
la similarite´ de chaque terme de Set 1 avec Set 2 et de la similarite´ de chaque terme de Set 2 avec
Set 1 et la somme du nombre de termes pre´sents dans Set 1 et Set 2, soit 0.75.
2. Mesure de Othman
Othman et al. ont propose´ une mesure de distance hybride dans laquelle chaque
areˆte est ponde´re´e par la profondeur des nœuds, la densite´ des liens pour chaque
nœuds compare´ et la diffe´rence entre l’IC des nœuds compare´s [Othman et al.,
2008].
3 Synthe`se
La comparaison inter-espe`ces de voies me´taboliques repose sur une ou plusieurs
bases de donne´es contenant la succession des re´actions chez les espe`ces a` comparer.
Des produits de ge`nes interviennent tout au long de chaque voie me´tabolique, la plupart
en tant qu’enzyme catalysant une re´action. Ces produits de ge`nes sont annote´s par des
termes de Gene Ontology, ce qui permet de les comparer entre eux a` l’aide d’une me-
sure de similarite´ se´mantique. Les deux me´triques simples (Dice et Jaccard) pre´sente´es
dans cette section permettent de comparer deux ensembles pour en e´valuer la simila-
rite´. Elles sont parfois utilise´es pour comparer des termes appartenant a` une ontologie,
ce qui est une erreur [Rhee et al., 2008]. En effet, ces me´triques ne tiennent pas compte
de la notion d’he´ritage inhe´rente a` une ontologie. Il faut donc se´lectionner une mesure
se´mantique. Cette mesure doit supporter la comparaison de ge`nes entre espe`ces. Cette
condition n’est pas respecte´e par les me´thodes base´es sur l’IC des termes GO. En ef-
fet, l’IC d’un terme de´pend de la probabilite´ qu’il annote un ge`ne. Cette probabilite´ est
calcule´e par la fre´quence a` laquelle le terme annote un ge`ne. Il est possible de calcu-
ler cette fre´quence sur l’annotation de chaque espe`ce, menant a` autant de valeurs d’IC
pour chaque terme qu’il y a d’espe`ces et empeˆchant la comparaison inter-espe`ces. Il est
e´galement possible de calculer cette fre´quence en cumulant toutes les annotations de
toutes les espe`ces, mais cela conduit a` un fort biais en faveur des caracte´ristiques les
mieux connues des espe`ces les plus e´tudie´es. La comparaison inter-espe`ce est possible
avec les me´thodes base´es sur les areˆtes, puisqu’elles ne de´pendent pas d’un corpus
d’annotations. Cependant, le fait que les termes GO ne soient pas distribue´s de manie`re
homoge`ne dans l’ontologie affaiblit la pertinence des re´sultats obtenus par ces me´thodes.
La me´thode hybride de Wang est celle qui se rapproche le plus d’une me´thode base´e sur
les nœuds sans eˆtre de´pendante d’un corpus d’annotations.
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Toutes les mesures de similarite´ pre´sente´es dans ce chapitre ont e´te´ e´value´es [Pes-
quita et al., 2009; Couto et al., 2007] Il en re´sulte qu’elles sont globalement performantes
pour de´terminer la similarite´ entre deux ge`nes. Cependant, elle sont capables d’attribuer
a` deux ge`nes g1 et g2 une similarite´ haute tre`s proche de celle qu’elles attribuent a` deux
autres ge`nes g3 et g4 a` partir du moment ou` g1 et g2, comme g3 et g4 ont suffisam-
ment d’annotations en commun, et ce meˆme s’il s’ave`re que dans une de ces paires de
ge`nes, un ge`ne a en plus des annotations spe´cifiques qui traduisent des caracte´ristiques
biologiques particulie`res. Cette situation de ge`nes similaires dont au moins un a des parti-
cularite´s est biologiquement inte´ressante. On souhaite les distinguer des ge`nes similaires
n’ayant pas de fonctions particulie`res. Le proble`me est que cette situation est relativement
rare et qu’il faut eˆtre capable de l’identifier parmi la masse des donne´es similaires. Il existe
donc un besoin de quantifier la particularite´ d’un ge`ne a` l’aide d’une nouvelle mesure
se´mantique.
Deuxie`me partie
Re´sultats

CHAPITRE 3
PARTICULARITE´ SE´MANTIQUE
Dans ce chapitre, nous pre´sentons une nouvelle mesure de particularite´
se´mantique de´veloppe´e dans le cadre de cette the`se. Cette mesure a pour
but de quantifier la part des processus, fonctions et localisations qui
sont spe´cifiques a` un ge`ne lorsqu’on le compare a` un autre. Elle aurait
pu s’appeler  mesure de spe´cificite´ , mais ce terme de´signe aussi une
mesure statistique tre`s employe´e et aurait donc conduit a` une certaine
confusion. Cette mesure de particularite´ a fait l’objet d’un article publie´
dans PLoS ONE, pre´sente´ dans ce chapitre.
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1 Introduction
Dans la pre´sentation du contexte biologique, nous avons expose´ les grandes lignes
du me´tabolisme des lipides chez l’Homme et chez la poule. Ce me´tabolisme pre´sente
des particularite´s chez chacune des deux espe`ces. Ce sont ces partcularite´s qui nous
inte´ressent. Dans l’e´tat de l’art, nous avons conclu au chapitre 2 que l’utilisation de me-
sures de similarite´ se´mantique seules ne permettait ni d’identifier ni de quantifier correc-
tement les particularite´s d’un ge`ne lorsqu’on le compare a` un autre avec lequel il a de
nombreuses fonctions en commun.
Pour re´pondre a` ce besoin, nous avons donc de´veloppe´ une nouvelle me´thode de
mesure se´mantique. Nous l’avons appele´e  particularite´ se´mantique . Cette mesure
permet de comparer les annotations de deux produits de ge`nes en se focalisant sur les
termes GO spe´cifiques a` chacun des produits de ge`nes compare´s. Pour tenir compte des
diffe´rences de granularite´s possibles entre annotations, elle repose sur la notion d’informa-
tivite´. Notre mesure de particularite´ calcule le rapport de l’informativite´ particulie`re (“parti-
cular informativeness”, PI) d’un ge`ne d’inte´reˆt et de l’informativite´ commune entre ce ge`ne
et celui auquel on souhaite le comparer. L’informativite´ d’un terme est une notion ge´ne´rique
qui permet avec notre mesure de fonctionner avec plusieurs me´triques diffe´rentes. Ainsi,
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lorsque qu’un corpus est disponible pour calculer un contenu d’information (IC), cet IC peut
eˆtre utilise´ comme informativite´. A l’inverse, s’il est impossible d’obtenir un tel corpus, par
exemple dans le cadre d’une comparaison inter-espe`ces, la valeur se´mantique de Wang
peut eˆtre utilise´e comme informativite´.
Cette e´tude a fait l’objet de l’article intitule´ “Semantic particularity measure for functio-
nal characterization of gene sets using Gene Ontology” paru dans PLoS ONE.
2 Article
abbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbc
ddddddddddddddddddddddddddddddddddddddddddddddddd
Semantic particularity measure for functio-
nal characterization of gene sets using Gene
Ontology
- RE´SUME´ -
Contexte : Le traitement de donne´es ge´ne´tiques et ge´nomiques re´sulte
souvent en la construction d’importants ensembles de ge`nes. La comparaison
fonctionnelle de ces ensembles de ge`nes est une des cle´s de l’analyse de ces
donne´es, via l’identification des fonctions communes a` un ensemble ge`nes
et de celles qui diffe`rent. Gene Ontology fournit un vocabulaire de re´fe´rence
pour l’analyse des fonctions mole´culaires, des processus biologiques et des
composants cellulaires dans lesquels les ge`nes sont implique´s. De nom-
breuses mesures de similarite´ se´mantique ont e´te´ de´veloppe´es pour quantifier
syste´matiquement l’importance des termes GO communs a` deux ge`nes. Cet
article pre´sente comment la comparaison d’ensembles de ge`nes peut eˆtre
ame´liore´e en conside´rant la particularite´ se´mantique de ge`nes au sein d’un
ensemble de ge`nes en comple´ment de la similarite´ se´mantique.
Re´sultats : Nous proposons une nouvelle approche pour calculer les parti-
cularite´s se´mantiques d’un ensemble de ge`nes base´e sur l’informativite´ des
termes GO. L’informativite´ d’un terme GO peut eˆtre calcule´e soit a` partir de son
contenu d’information (“information content”, IC) base´ sur la fre´quence de ce
terme au sein d’un corpus, soit sur une fonction de la distance de ce terme a` la
racine de l’ontologie. Nous avons de´fini la particularite´ d’un ensemble de terme
GO Sg1 compare´ a` un autre ensemble Sg2 a` partir de cette informativite´. Nous
avons combine´ notre mesure de particularite´ avec une mesure de similarite´
pour comparer des ensembles de ge`nes. Nous avons de´montre´ que cette
combinaison est capable d’identifier des ge`nes ayant des fonctions particulie`re
au sein d’ensembles de ge`nes similaires. L’utilisation seule d’une mesure de
similarite´ ne permet pas cette identification.
Conclusion : La particularite´ se´mantique devrait eˆtre utilise´e en conjonction
d’une mesure de similarite´ se´mantique afin de proce´der a` l’analyse fonction-
nelle d’ensembles de ge`nes annote´s par des termes GO. Le principe de la
particularite´ se´mantique est ge´ne´ralisable a` d’autres ontologies.
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Abstract
Background: Genetic and genomic data analyses are outputting large sets of genes. Functional comparison of these gene
sets is a key part of the analysis, as it identifies their shared functions, and the functions that distinguish each set. The Gene
Ontology (GO) initiative provides a unified reference for analyzing the genes molecular functions, biological processes and
cellular components. Numerous semantic similarity measures have been developed to systematically quantify the weight of
the GO terms shared by two genes. We studied how gene set comparisons can be improved by considering gene set
particularity in addition to gene set similarity.
Results: We propose a new approach to compute gene set particularities based on the information conveyed by GO terms.
A GO term informativeness can be computed using either its information content based on the term frequency in a corpus,
or a function of the term’s distance to the root. We defined the semantic particularity of a set of GO terms Sg1 compared to
another set of GO terms Sg2. We combined our particularity measure with a similarity measure to compare gene sets. We
demonstrated that the combination of semantic similarity and semantic particularity measures was able to identify genes
with particular functions from among similar genes. This differentiation was not recognized using only a semantic similarity
measure.
Conclusion: Semantic particularity should be used in conjunction with semantic similarity to perform functional analysis of
GO-annotated gene sets. The principle is generalizable to other ontologies.
Citation: Bettembourg C, Diot C, Dameron O (2014) Semantic Particularity Measure for Functional Characterization of Gene Sets Using Gene Ontology. PLoS
ONE 9(1): e86525. doi:10.1371/journal.pone.0086525
Editor: Christos A. Ouzounis, The Centre for Research and Technology, Hellas, Greece
Received July 24, 2013; Accepted December 11, 2013; Published January 28, 2014
Copyright:  2014 Bettembourg et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
Funding: CB was supported by a fellowship from the French ministry of research. The funders had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript.
Competing Interests: The authors have declared that no competing interests exist.
* E-mail: charles.bettembourg@univ-rennes1.fr
Introduction
With the continued advance of high-throughput technologies,
genetic and genomic data analyses are outputting large sets of
genes. The amount of data involved requires automated compar-
ison methods [1]. The characterization of these sets typically
consists in a combination of the following three operations [2,3]:
first, synthesize the over- and under-represented functions of these
genes [4,5]; second, identify how these genes interact with each
other [6]; third, identify and quantify the common shared features
and the differentiating features [7,8]. A widely used method for
genes sets study called ‘‘Gene Set Enrichment Analysis’’ (GSEA)
determines which gene features are over-represented in a gene set
[9]. Numerous tools have been developed in this purpose: BiNGO
[10], GOEAST [11], ClueGO [12], DAVID [13], GeneWeaver
[14], GOTM [15]. See Hung et al. recent work for a review [16].
GSEA is useful for clustering a set of genes into subsets sharing
over-represented features. Among these features, the biological
processes (BP), molecular functions (MF) and cellular components
(CC) annotating each gene are represented using the Gene
Ontology (GO) [17]. GO is species-independent, and thus
supports cross-species comparison [18]. The GO graph itself is
also widely used for genes semantic similarity analysis [19].
Semantic similarity
Within a given gene set, the genes sharing identical or similar
GO annotations can be grouped into clusters using two
approaches [20]. The GSEA approach computes these clusters
considering the GO terms over-representation. The semantic
similarity approach takes into account GO properties to cluster
genes considering the quantity and the importance of their shared
annotations [21–24]. Both approaches are not exclusive, as
semantic measures can be involved in GSEA in order to improve
the analysis [25]. If these terms were independent, the gene set
characterization could be performed by a straightforward set-
based approach such as the Jaccard index or Dice’s coefficient.
However, GO terms are hierarchically-linked. Consequently, the
characterization needs to take into account the underlying
ontological structure of the GO annotations [26].
Semantic similarity measures rely on ontologies to systematically
quantify the weight of the shared elements. They exploit the
formal representation of the meaning of the terms by considering
the relations between the terms (e.g. for inferring new annotations
that were implicit as each term inherits all the properties of its
ancestors) and by attributing different weights to each term
depending on how much information they convey. When working
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with annotation databases, it should be routine practice to use the
ontology hierarchy to infer implicit annotation [26]. Pesquita et al.
performed an extensive review of the main semantic similarity
measures [27] and identified two main categories, i.e. node-based
methods and edge-based methods, as well as a handful of hybrid
methods.
Node-based semantic similarity measures rely on how informa-
tive the terms are. Typically, they consider that two terms sharing
an informative lowest common ancestor are more similar than two
terms with a less informative lowest common ancestor. Histori-
cally, Information Content (IC) value was used to quantify how
informative a term is, with the least frequent terms having the
highest IC value. This concept, borrowed from Shannon’s
Information Theory [28], was used to measure similarities using
ontologies [29–31] such as WordNet [32]. To compare two terms,
these methods rely on their most informative common ancestor
(MICA). The IC of this ancestor is the semantic similarity value
between the compared terms. These methods developed in
linguistics have been applied to GO [33,34] using the frequency
with which a term annotates a gene as a marker of its rarity.
Consequently, the IC of a GO term is inversely proportional to the
frequency with which it annotates a gene using the Gene Ontology
Annotations (GOA) database [35]. GOA specifies also how each
annotation has be attributed through Evidence Codes (EC). In
their method called ‘‘IntelliGO’’, Benabderrahmane et al. use a
weighting corresponding to each GO term EC in addition to their
IC [36]. Retrieving only the most informative common ancestor to
compute a semantic similarity ignores the possibility that two GO
terms can share several common ancestors. These situations result
in a loss of information. A possible solution has been proposed that
consists in using the average of the IC values of all disjoint
common ancestors (DCA) instead of the maximum IC of this
common set [37]. For the node-based methods relying on IC, the
terms’ frequencies used to compute the IC values depend on the
corpus of reference. In the context of genes comparison, IC-based
methods have three main limits related to their dependence on a
GOA-based corpus. First, it can prove difficult or even impossible
to obtain a relevant corpus. GOA provides single and multi-species
annotation tables. Although using a species-specific table is well-
suited to intra-species comparisons, it becomes problematic for
cross-species comparisons. Second, using a multi-species table (like
the UniprotKB table) in these cases is biased towards the most
extensively annotated species such as human or mice. Third, the
well-studied areas of biology have high annotation frequencies and
are therefore less informative and see their importance down-
graded, whereas the less-studied areas are artificially upgraded
[38–40].
Edge-based semantic similarity measures use the directed graph
topology to compute distances between the terms to compare.
Rada distance is based on the shortest path between the two terms
[41]. Such distances rely on the average path among multiple
paths [27]. Other approaches take into account the length of the
path between the root of the ontology and the least common
ancestor (LCA) of the terms, with the result that terms with a deep
common ancestor are more similar than terms with a common
ancestor close to the root [42–46]. The edge-based methods using
depth as a proxy for precision are not dependent on a particular
corpus. This can be a good thing when it is difficult or impossible
to determine a representative corpus, or a bad thing when corpus-
dependent frequencies are relevant. Moreover, another constraint
to consider is that granularity is not uniform in GO, so terms at the
same depth can have different precisions [47].
Pesquita et al. also identified ‘‘hybrid’’ methods that combine
different aspects of node-based and edge-based methods. In
Wang’s method [22], each term has a ‘‘semantic value’’ that
represents how informative the term is, conforming to the node-
based approach. However, the semantic value of a term is
obtained by following the path from this term to the root and
summing the semantic contributions of all the ancestors of this
term. As the semantic value depends on the ontology topology, it
also conforms to the edge-based approach.
Pesquita et al. do not single out any particular semantic
similarity measure as the best one, as the optimal measure will
depend on the data to compare and the level of detail expected in
the results. The main advantage of Wang’s method compared to
purely node-based methods is that the semantic value is not GOA-
dependent, unlike information content. It is thus well-suited to
cross-species comparisons. As cross-species comparison is one of
the key stakes in biology, further development in the domain of
semantic comparison should support such comparisons.
Limitations of semantic similarity
All the semantic similarity measures appear appropriate for
identifying and quantifying common features. However, as these
measures are focusing on common features, they may lead to an
incomplete analysis when comparing genes having particular
features along side similar ones [48]. For example, parts A and B
of Figure 1 respectively present the MF terms annotating the
Exportin-5 orthologs of human (hsa) and rat (rno) and the
Exportin-5 orthologs of human and drosophila (dme). Wang’s
method allows to compute cross-species semantic similarity. The
results on MF annotations are: Sim(hsa, rno) = 0.797 and Sim(hsa,
dme) = 0.726. This is consistent with the fact that globally, the
Exportin-5 orthologs share the same functions between hsa, rno
and dme. However, there are also five times as many human-
specific MF terms compared to drosophila as compared to rats. It
has been demonstrated that Exportin-5 orthologs are functionally
divergent among species [49]. The tiny difference of semantic
similarity (0.071) correctly reflects the fact that the orthologs share
the same main function, but is not sufficient to identify that some
species also have additional functions.
We assume that considering only similarity measures is not
enough to compare sets of annotations. This analysis is valid for
any set of annotations that refer to an ontology. We hypothesize
that gene set analysis can be improved by considering gene
particularities in addition to gene similarities. We propose a
general definition and some associated formal properties. We
propose also a new approach based on the notion of GO term
informativeness to compute gene set particularities.
Methods
Definition of semantic particularity
The semantic particularity of a set compared to another is the
value that reflects the importance of the features that belong to the
first set but not the second. To compare two genes, we rely on the
similarity and the respective particularities of their sets of
annotations. The particularity of a gene g1 annotated by the set
Sg1 compared to a gene g2 annotated by the set Sg2 depends on
the annotations of Sg1 that are not related to any annotation of
Sg2.
Formal properties
Like for semantic similarity, we compute a value bounded by 0
(least particular) and 1 (most particular). Four important properties
arise from the semantic particularity definition:
N The semantic particularity is non-symmetric:
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Par(Sg1, Sg2) = x)/ Par(Sg2, Sg1) = x (Prop 1)
N Compared to itself, a set of annotations has no semantic
particularity:
Par(Sg1, Sg1) = 0 (Prop 2)
If Sg1 =1, this comparison is meaningless.
N The semantic particularity of a set of annotations Sg1 (=1) is
maximal when it is compared to an empty set of annotations:
Par(Sg1, 1) = 1 (Prop 3.1)
And conversely:
Par(1, Sg1) = 0 (Prop 3.2)
N The particularity of a set Sg1 of annotations compared to a set
Sg2 does not depend on the elements of Sg2 that do not belong
to Sg1:
Sg3\Sg1 =1[Par(Sg1, Sg2) = Par(Sg1, Sg2|Sg3) (Prop 4)
Measure of semantic particularity
In order to compute the particularity of Sg1 compared to Sg2,
we focus on the terms of Sg1 that are not members of Sg2. This
requires to address two problems: the terms are not independent,
and they do not convey the same amount of information.
Some of the terms of Sg1 that are not members of Sg2 may be
linked in the graph. Taking several linked terms into account
would result in considering them several times. For example, in
Figure 1B, considering both ‘‘RNA binding’’ and ‘‘tRNA binding’’
would result in counting twice the contribution of ‘‘RNA binding’’.
Therefore, we should only focus on the terms of Sg1 that do not
have any descendant in Sg1 and that are not members of Sg2.
Some of these terms might be ancestors of terms of Sg2 and should
be considered as common to Sg1 and Sg2. We call Sg* the union
of Sg and the sets of ancestors of each element of Sg. We call
MPT(Sg1, Sg2) the set of most particular terms of Sg1 compared
to Sg2. MPT(Sg1, Sg2) is the set of terms of Sg1 that do not have
any descendant in Sg1 and that are not members of Sg2*. In the
Figure 1B, MPT(hsa, dme) = [‘‘tRNA binding’’].
Using the set theory, we could define Par(Sg1, Sg2) as the
proportion of elements of Sg1 that belong to MPT(Sg1, Sg2).
When computing card(MPT(Sg1, Sg2)), all the elements have the
same weight. However, considering the semantics underlying these
elements, some of them may be more informative than others and
should ideally be emphasized. Different strategies, similar to those
already proposed for the computation of the semantic similarity,
can be applied.
We then define PI(Sg1, Sg2), the particular informativeness of a
set of GO terms Sg1 compared to another set of GO terms Sg2, as
the sum of the differences between the informativeness (I) of each
term tp of MPT(Sg1, Sg2) and the informativeness of the most
informative common ancestor (MICA) between tp and Sg2. The
PI of a set of terms is the information that is not shared with the
other set.
PI(Sg1,Sg2)~
X
tp[MPT(Sg1,Sg2)
I(tp){I(MICA(tp,Sg2)) ð1Þ
In the Figure 1B, PI(hsa, dme) = I(tRNA binding)2I(binding).
We have no sum in this example since MPT(Sg1, Sg2) only
contains one term.
We last normalize PI to compute Par(Sg1, Sg2), the semantic
particularity of the set of GO terms Sg1 compared to the set of GO
terms Sg2. We define MCT(Sg1, Sg2), the set of the most
informative common terms of Sg1 and Sg2, as the set of the terms
belonging to the intersection of Sg1* and Sg2* that do not have any
descendant either in Sg1* or in Sg2*. In the Figure 1B, MCT(hsa,
dme) = [‘‘protein transporter activity’’, ‘‘protein binding’’].
Par(Sg1, Sg2) is the ratio of PI(Sg1, Sg2) and the sum of the
informativeness of Sg1 most informative terms (i.e. those Sg1-
specific and those common with Sg2; the MICA in the PI formula
for the Sg1-specific guarantees that the informativeness of
common terms is not counted twice).
Figure 1. Representation of Exportin-5 orthologs annotations. Common terms between species are displayed in blue. The terms annotating
only the human ortholog are displayed in red. Part A of this figure displays the MF annotations of the human and rat orthologs of Exportin-5. Part B
displays the MF annotations of the human and drosophila orthologs of Exportin-5. In this example, there is no rat nor drosophila-specific term. The
semantic similarity values obtained in these cases do not reflect the difference of human particularity between each part.
doi:10.1371/journal.pone.0086525.g001
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Par(Sg1,Sg2)~
PI(Sg1,Sg2)
PI(Sg1,Sg2)z
P
tc[MCT(Sg1,Sg2) I(tc)
ð2Þ
For the example of the Figure 1B, this formula becomes:
Par(hsa,dme)~
I(tRNA binding){I(binding)
(I(tRNA binding){I(binding))z(I(p: trsp: activity)zI(protein binding))
ð3Þ
Several measures of informativeness have been proposed. The
widely used Information Content (IC) family depends on an
annotation corpus (e.g. GOA). The IC of a term t is its negative log
probability P(t).
IC(t)~{log(P(t))
In the context of GO terms comparison, the probability of
occurrence of a term P(t) is estimated by its frequency in
annotations [27]. It is necessary to take into account Gene
Ontology subsumption hierarchy when computing this frequency
in order to also consider implicit annotations to the terms
descendants [26]. IC is typically used when a representative corpus
is available such as human GOA for studying human genes
functions.
The alternative approach is corpus-independent. A term
informativeness is a function of its distance to the root. It is
typically used when a relevant corpus cannot be computed (for
comparing elements from several species) or does not exist (for
poorly studied species). Wang’s Semantic Value (SV) computes
this type of informativeness. The relevance of the results obtained
by this approach has previously been demonstrated [22,27]. Wang
first computes the semantic contributions of the ancestors of each
term to compare to these terms, following:
SA(A)~1
SA(t)~maxfwe  SA(t’)Dt’[children of (t)gif t=A

where SA (t) is the semantic contribution of the term t to the term A
and we is the semantic contribution factor for edge e linking a term
t with its child term t’. According to Wang, we use a semantic
contribution factor of 0.8 for the ‘‘is a’’ relations and 0.6 for the
‘‘part of’’ relations, and we added a 0.7 factor for the ‘‘[positively]
[negatively] regulates’’ relations. An additional study not presented
here showed that the value of the regulation factor had minimal
impact (+/20.01) on the overall value.
Then, for each target term to compare, the semantic value is the
sum of the semantic contributions of all its ancestors:
SV (A)~
X
t[TA
SA(t)
As shown in the equation 3, four terms are involved in the
calculation of the MF particularity of the human Exportin-5
ortholog compared to the drosophila Exportin-5 ortholog. This
comparison is cross-species, so a semantic value-based informa-
tiveness measure is relevant. According to the previous formula,
the semantic values of the terms involved in the equation 3 are:
SV(tRNA binding) = 4.201, SV(binding) = 1.8, SV(protein trans-
porter activity) = 2.952 and SV(protein binding) = 2.44. Conse-
quently, we can compute: Par(hsa, dme) = 0.308. Likewise, for
Figure 1A, Par(hsa, rno) = 0.082.
Results
To study the benefits of our approach over an analysis based
only on similarity, we considered three biological cases. In order to
determine if we could extend Wang’s initial results, our first use
case was Saccharomyces cerevisiae tryptophan degradation. As both
the ontology and the annotations have evolved since 2007 [39], we
computed the updated semantic similarity. Then, we computed
the particularity measure in order to evaluate its benefits. In case
2, we computed the similarity and particularity values on a set of
51 gene products belonging to a same human metabolic pathway.
The motivation is to study whether the results of the case 1 can be
generalized to a larger set of genes. We also studied how using IC-
based or semantic value-based similarity and particularity
measures affects the conclusions. In case 3, we applied the
semantic similarity and particularity measures on all the groups of
homolog genes from the the HomoloGene database. This
approach aims to identify systematically homologues expected to
be similar and having also particular functions.
In all these cases, we used the GOSemSim R package to
compute Lin’s similarity and to provide IC tables used in the
computation of the IC-based particularity [50]. We used a
personal implementation of Wang’s similarity and the correspond-
ing SV used in SV-based particularity computation.
Case 1: Saccharomyces cerevisiae tryptophan degradation
We first tested our approach on the example chosen by Wang
[22]: Saccharomyces Cerevisiae tryptophan degradation [51]. We
computed the semantic similarity according to Wang’s method
(Table S1) using the most recent version of annotation data
available (August 2013 versions of GOA and GO).
Wang’s conclusions remained true: we can still distinguish the
three groups of genes involved in the three main steps of
tryptophan degradation. Similarity values for the group [ARO8,
ARO9] involved in the first step were 0.92. Similar results were
observed for the group [ARO10, PDC6, PDC5, PDC1] involved
in the second step and for the group [SFA1, ADH5, ADH4,
ADH3, ADH2, ADH1] involved in the last step. The similarities
measured between genes of 2 different groups (‘‘inter-group
measures’’) were greater than in Wang’s original study but
remained lower than the intra-group comparison measures. We
found the same three groups as Wang. These groups are
biologically relevant because they are involved in the three steps
of Saccharomyces cerevisiae tryptophan degradation pathway. To
obtain these groups, Wang used a threshold of 0.770 in 2007. We
used a threshold of 0.745.
We completed the previous results with the measures of
semantic particularity, using Wang’s Semantic Value as informa-
tiveness (Table S2). The highest particularity values were between
genes from different groups which is consistent with the analysis of
the semantic similarity values.
Our approach also identified a characteristic of the compared
genes that the similarity ignored. Indeed, some of the genes
belonging to the same group have also some particular functions
(i.e. high similarity and relatively high particularity). For example,
all the genes of the third group are similar. However, Table S2
shows that all the genes of this group have a high particularity
value compared to ADH4. Notably, the similarity between SFA1
and ADH4 was 0.745 and SFA1 particularity was 0.388 whereas
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most of the other intra-group particularity values in this group
were zero or close to zero. Figure 2 presents the distribution of GO
annotations between genes ADH4 and SFA1. It shows that the
observed particularity value is mostly related to SFA1-specific
nucleotide binding function. So, two genes can be similar while at
least one of them has some particular functions.
The similarity values show that Wang results are still valid. We
also identified a benefit of using a particularity measure in addition
to a similarity measure for identifying particular functions between
similar genes.
Case 2: Homo sapiens aquaporin-mediated transport
In the previous case, we found an example of a relatively high
particularity value between similar genes. In this second case, we
aim to study a larger dataset in order to determine the frequency
and the importance of this situation. We used a dataset composed
by 51 well-annotated human genes involved in the aquaporin-
mediated transport pathway for Homo sapiens. We used the list of all
involved genes provided by the Reactome database [52]. In
continuity with the first case, we computed the Wang similarity
and S-Value-based particularities for each pair of genes of this list.
As the Human annotation database is one of the most
comprehensive, we also duplicating the study using Lin’s measure
as an IC-based similarity, and IC as a value of GO term
informativeness for our specificity. All the results are available in
File S1. Tables 1, 2 and 3 present the average, standard deviation,
minimum and maximum values of particularity measured in this
study for each branch of GO. We classified these statistics in 20
similarity categories containing all the comparison results ranging
from sim = 0.5 to sim = 0.999 with steps of sim = 0.025.
The relatively high particularity between similar genes that we
observed in case 1 is confirmed in this case 2. In each 20 categories
in the human aquaporin-mediated transport pathway, some of the
genes have an important particularity compared to the others.
Again, these genes cannot be identified using only a similarity
measure.
Figure 3 illustrates this case giving the MF annotation graph of
two couples of genes: AQP8 and AQP5 in part A and AQP6 and
AQP3 in part B. The corresponding similarity and particularity
values are presented in Table 4. The two couples have close
similarity values regardless the method used but they show a very
different particularity profile, with much higher particularities
Figure 2. Representation of ADH4 and SFA1 Saccharomyces cerevisiae annotations. The particularity of 0.388 for SFA1 compared to ADH4 is
explained notably by the term ‘‘nucleotide binding’’, to which the closest ancestor with ADH4 annotations is at a distance of three edges. The other
red terms are also responsible for this particularity.
doi:10.1371/journal.pone.0086525.g002
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between AQP6 and AQP3 than between AQP8 and AQP5. The
two distinct informativeness measures used to compute the
particularity led to the same conclusion. The same phenomenon
can be observed in the 20 categories of similar genes.
These results confirm that among similar genes, some also have
some particular functions, and show that this situation can be
observed throughout the full range of similarity values. Therefore,
the situation described in the first use case was not an isolated case.
Case 3: Homologs comparison
The previous cases focused on the similarity and particularity of
different genes in a same pathway. In this third case, we compared
homolog genes across different species. IC-based methods cannot
be used in this cross-species context. To investigate the frequency
of similar homolog genes and the frequency of homolog genes
having particular functions, we computed Wang’s semantic
similarity and SV-based particularities for each group of the
HomoloGene database. The August 2013 version of this database
contained 43,074 groups of homolog genes. Each group contained
from 2 to 839 genes (average: 6.02, standard deviation: 7.46). We
computed all the 5,531,994 intra-group similarity and particularity
measures. Table 5 categorizes the comparisons according to the
number of annotated genes.
To be valid, a comparison has to involve two annotated genes.
Overall, 21.94% of the comparisons were valid. For BP, CC and
MF, we used the number of valid comparisons as the baseline to
analyze the different configurations of similarity and particularity.
We focused on these valid comparisons and found that 89.93% of
them had a similarity greater than or equal to 0.5. In 82.26%, the
genes were similar and had particularities lower than 0.5.
Although there were differences between BP, MF and CC, on
the whole HomoloGene database, the particularity values allowed
us to identify 7.63% of the valid comparisons that denote similar
genes, one of these genes having a particularity greater than 0.5.
As an example illustrating the results, we analyzed the
comparisons of the GO molecular functions associated to
Exportin-5 orthologs for 9 species (Table S3). 27 of the 36
comparisons (75%) involved pairs of genes with a similarity greater
than 0.5. 12 of these 27 comparisons involved similar pairs of
genes, one of them having a particularity greater than 0.3 (mostly
for Canis canis and Drosophila melanogaster). Among these, five
comparisons involving Canis canis resulted in a similarity value over
0.5 and one particularity value over 0.5. The remaining 9 of the 36
comparisons involved genes with a similarity lower than 0.5 and
particularities greater than 0.5 (mostly for Arabidopsis thaliana and
one for Canis canis).
Altogether, the case 3 results showed that ortholog genes were,
as expected, mostly similar. We have also demonstrated that some
of them may have high particularity values that denote particular
functions. Last, some orthologs may have diverged to present a low
similarity and high particularities.
Discussion
Semantic particularity
Semantic similarity measures have been extensively used for
comparing genes and gene sets [19] but they only tell a part of the
story. Similarity is symmetric. It decreases slowly as the number of
gene-particular annotations increases. However, similarity alone
does not indicate which gene has some particular functions and
Table 1. Particularity value statistics in 20 similarity values ranges from case 2 - BP measures.
BP S-value-based particularity IC-based particularity
Similarity Average Std dev. Min Max Average Std dev. Min Max
½0.5–0.524 0.401 0.2 0.013 0.844 0.562 0.223 0 0.904
½0.525–0.549 0.386 0.174 0 0.794 0.532 0.284 0 0.89
½0.55–0.574 0.347 0.199 0 0.707 0.497 0.244 0 0.886
½0.575–0.599 0.352 0.198 0 0.798 0.502 0.241 0 0.895
½0.6–0.624 0.315 0.203 0 0.671 0.495 0.208 0 0.794
½0.625–0.649 0.292 0.145 0 0.629 0.437 0.25 0 0.882
½0.65–0.674 0.299 0.162 0 0.615 0.439 0.258 0 0.876
½0.675–0.699 0.229 0.15 0 0.529 0.451 0.216 0.039 0.839
½0.7–0.724 0.228 0.166 0 0.631 0.403 0.239 0 0.859
½0.725–0.749 0.22 0.145 0 0.501 0.35 0.233 0 0.727
½0.75–0.774 0.202 0.108 0 0.482 0.403 0.207 0 0.775
½0.775–0.799 0.178 0.118 0 0.563 0.319 0.222 0 0.671
½0.8–0.824 0.177 0.106 0 0.418 0.31 0.209 0.043 0.646
½0.825–0.849 0.125 0.071 0 0.327 0.258 0.184 0 0.589
½0.85–0.874 0.105 0.131 0 0.418 0.201 0.136 0 0.625
½0.875–0.899 0.061 0.066 0 0.248 0.179 0.123 0 0.651
½0.9–0.924 0.039 0.061 0 0.211 0.207 0.156 0 0.614
½0.925–0.949 0.041 0.067 0 0.248 0.193 0.181 0 0.572
½0.95–0.974 0.032 0.041 0 0.111 0.099 0.076 0 0.196
½0.975–0.999 0.005 0.006 0 0.015 0.077 0.152 0 0.519
This table gives the average, standard deviation, minimum and maximum particularity value for the BP comparisons of the case 2. The 20 categories contain all the
results that range from a similarity of 0.5 to 0.999 with steps of 0.025.
doi:10.1371/journal.pone.0086525.t001
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does not even reveal these particular functions. There is a need for
a measure to qualify this particularity (does gene1 have some
particular functions compared to gene2, even if gene1 and gene2
are similar?) and to quantify these respective differences (what is
the importance of gene1’s particular functions compared to
gene2?). Simple comparisons of the sets of terms annotating two
genes, such as Venn diagram representations, give an initial
picture of each gene’s particularity. However, this approach is
biased due to the relations between the terms of an ontology. Like
for similarity, measuring particularity has to take semantics into
account. Diaz-Diaz et al. proposed a semantic approach to
compute a dissimilarity measure in order to evaluate the functional
coherence of entire gene sets [46]. The dissimilarity of two terms is
obtained by measuring a distance in edges in the GO graph and
weighting the result with the depth of the considered terms, as in
Wu and Palmer’s similarity measure [43]. This notion of
dissimilarity is therefore strongly related to similarity and does
not provide a way to compute the particularity as we defined
earlier (high dissimilarity indicates low similarity, and vice versa).
However, the two categories of similarity measures, i.e. ‘‘edge-
based’’ and ‘‘node-based’’, can be used for this purpose. Each
approach has its drawbacks [33]. Edge-based methods are biased
because the GO terms are not homogeneously distributed across
the tree, while node-based methods that use an IC value are
dependent on a specific annotation corpus, which puts a limit on
their use for cross-species comparisons. In cross-species studies, it is
impossible to compare IC values relying on term frequencies
obtained from different corpora. Using a global corpus instead,
such as the UniprotKB GOA table is biased in favor of the most
studied functions in the most studied species. Therefore, graph-
based approaches relying on the distance to the root are more
appropriate in such situation.
We based our semantic particularity measure on the concept of
informativeness of GO terms. This informativeness can either be
an Information Content (IC) [29–31,33,34] value or a Semantic
Value (SV) [22]. The choice between these two alternatives
depends on the data to compare. IC is preferred to compare genes
from a same species when an important annotation corpus is
available for this species. SV is preferred to compare genes from
different species or genes from a same species without an
important annotation corpus. Therefore, we advise to use a
combination of either IC-based or of SV-based similarity and
particularity measures when computing profiles based on similar-
ity and particularity values.
The interpretation of the similarity and particularity values
depends on the number and quality of the annotations. If at least
one of two genes has few annotations, the similarity and
particularity values will suffer from a lack of precision (the values
are sensitive to the addition of new annotations) regardless of their
accuracy.
Furthermore, annotations are associated with different Evidence
Codes (EC), ranging from automatic inference to experimental
validation. The biological interpretation of similarity and partic-
ularity values is more convincing when their computation refers to
experimentally-confirmed annotations. However, electronically-
inferred annotations may still yield valid similarity and particu-
larity values. As the GO consortium recommends against using
EC as a measure of quality of the annotation [53], we did not use
them to weight the similarity and particularity values. However,
we paid attention to this aspect when interpreting the results of our
Table 2. Particularity value statistics in 20 similarity values ranges from case 2 - MF measures.
MF S-value-based particularity IC-based particularity
Similarity Average Std dev. Min Max Average Std dev. Min Max
½0.5–0.524 0.341 0.26 0 0.798 0.494 0.162 0.296 0.701
½0.525–0.549 0.35 0.219 0 0.818 0.429 0.212 0 0.703
½0.55–0.574 0.364 0.32 0 0.731 0.422 0.265 0 0.849
½0.575–0.599 0.382 0.265 0 0.694 0.378 0.148 0.125 0.591
½0.6–0.624 0.242 0.079 0.132 0.47 0.397 0.205 0 0.81
½0.625–0.649 0.207 0.113 0 0.531 0.302 0.145 0.158 0.475
½0.65–0.674 0.281 0.106 0.117 0.482 0.609 0.137 0.13 0.806
½0.675–0.699 0.223 0.181 0 0.562 0.453 0.249 0 0.763
½0.7–0.724 0.26 0.267 0 0.564 0.389 0.248 0 0.806
½0.725–0.749 0.179 0.176 0 0.482 0.419 0.211 0 0.763
½0.75–0.774 0.171 0.177 0 0.371 0.315 0.216 0 0.643
½0.775–0.799 0.125 0.167 0 0.482 0.33 0.241 0 0.777
½0.8–0.824 0.063 0.056 0 0.137 0.239 0.218 0 0.574
½0.825–0.849 0.119 0.13 0 0.415 0.316 0.222 0 0.574
½0.85–0.874 0.041 0.036 0 0.116 0.266 0.175 0 0.531
½0.875–0.899 0.045 0.05 0 0.126 0.179 0.093 0.086 0.272
½0.9–0.924 0.024 0.025 0 0.055 0.163 0.153 0 0.388
½0.925–0.949 0.02 0.026 0 0.086 0.09 0.107 0 0.272
½0.95–0.974 0.005 0.007 0 0.023 - - - -
½0.975–0.999 - - - - - - - -
This table gives the average, standard deviation, minimum and maximum particularity value for the MF comparisons of the case 2. The 20 categories contain all the
results that range from a similarity of 0.5 to 0.999 with steps of 0.025. ‘‘-’’ value denotes an empty category.
doi:10.1371/journal.pone.0086525.t002
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case studies. Our approach consisted in comparing two genes
using a tuple of one symmetric similarity value and the two
particularity values. Having high similarity and low particularities
for two genes indicates that these genes globally have the same
characteristics in the compared domain (BP, MF or CC) and none
of them has any major additional particularity. Conversely, a low
Table 3. Particularity value statistics in 20 similarity values ranges from case 2 - CC measures.
CC S-value-based particularity IC-based particularity
Similarity Average Std dev. Min Max Average Std dev. Min Max
½0.5–0.524 0.353 0.233 0 0.846 0.621 0.244 0 0.911
½0.525–0.549 0.36 0.214 0 0.819 0.707 0.15 0.185 0.977
½0.55–0.574 0.33 0.187 0 0.799 0.64 0.202 0 0.897
½0.575–0.599 0.341 0.185 0 0.752 0.613 0.194 0 0.896
½0.6–0.624 0.317 0.183 0 0.754 0.621 0.165 0 0.888
½0.625–0.649 0.268 0.18 0 0.706 0.592 0.207 0 0.852
½0.65–0.674 0.28 0.177 0 0.656 0.553 0.227 0 0.888
½0.675–0.699 0.24 0.177 0 0.583 0.495 0.241 0 0.845
½0.7–0.724 0.13 0.159 0 0.543 0.466 0.24 0 0.825
½0.725–0.749 0.196 0.151 0 0.579 0.428 0.268 0 0.82
½0.75–0.774 0.134 0.122 0 0.484 0.383 0.246 0 0.819
½0.775–0.799 0.15 0.127 0 0.489 0.391 0.267 0 0.768
½0.8–0.824 0.144 0.093 0 0.269 0.19 0.187 0 0.625
½0.825–0.849 0.133 0.123 0 0.421 0.352 0.231 0 0.73
½0.85–0.874 0.146 0.152 0 0.373 0.255 0.216 0 0.624
½0.875–0.899 0.051 0.051 0 0.11 0.145 0.152 0 0.381
½0.9–0.924 0.067 0.085 0 0.269 0.095 0.095 0 0.189
½0.925–0.949 - - - - - - - -
½0.95–0.974 - - - - 0.131 0.131 0 0.262
½0.975–0.999 0.012 0.012 0 0.024 0.049 0.049 0 0.098
This table gives the average, standard deviation, minimum and maximum particularity value for the CC comparisons of the case 2. The 20 categories contain all the
results that range from a similarity of 0.5 to 0.999 with steps of 0.025. ‘‘-’’ value denotes an empty category.
doi:10.1371/journal.pone.0086525.t003
Figure 3. MF annotations of two couples of human aquaporins. Part A: AQP8 and AQP5 share most of their annotations. Part B: AQP6 and
AQP3 share numerous molecular functions, but each gene also have particular functions.
doi:10.1371/journal.pone.0086525.g003
Semantic Particularity Measure Using Gene Ontology
PLOS ONE | www.plosone.org 8 January 2014 | Volume 9 | Issue 1 | e86525
similarity and high particularities between two genes indicates that
these genes are different in the compared domain. Furthermore,
among highly similar genes, finding that one gene has also a high
particularity value allows to identify additional features for this
gene not present in the other one despite their high similarity. This
contributed to a more accurate analysis than using similarity alone
by distinguishing interesting sub-groups of features with close
similarity values.
Case studies: benefits of the semantic particularity
Particularity refined the similarity-based analysis by identifying
some couples of similar genes with important particularities. All
three use cases illustrated this point in intra-species or in cross-
species.
In the first case study on the Saccharomyces Cerevisiae tryptophan
degradation pathway, SFA1 and ADH4 had similarity values close
to those of the other genes of the same sub-group. However, SFA1
and to a lesser extent all the other genes that catalyze the same
reaction had some particular functions compared to ADH4.
Consequently, it is possible that two similar genes also have some
particular functions (i.e. high similarity and relatively high
particularity). The particularity is not systematically inversely
proportional to the similarity. Moreover, some of these these
atypical cases may be of biological interest.
We have gone further in the case 2, comparing 51 genes that
belong to a same human pathway. With this case, we wanted to
see three things. First, we wanted to know whether the
observations made in the first case remained true on a bigger
example. They did. Then, we wanted to assess the effect of the
kind of informativeness used. Semantic value and information
content gave different semantic similarity and particularity values,
but they leaded to the same conclusions. Consequently, the choice
of this method only depends on the data we want to compare. IC
can be used as an informativeness measure if the data are relative
to one single species and if this species is sufficiently annotated to
offer a meaningful corpus. Otherwise, the best informativeness
measure may be the semantic value. Last, we wanted to assess our
conclusions on the three branches of Gene Ontology. Concerning
this point, we obtained high particularity values between similar
genes regarding any branch of GO.
The third case showed comparisons of ortholog genes that also
resulted in interesting sub-cases with high-similarity profiles. As
suspected, the results confirmed that ortholog genes are mostly
similar. Moreover, particularity measures made it possible to
observe that among the pairs of similar genes, some are composed
of at least one gene having also an important particularity. Indeed,
among the 1,213,588 valid comparisons across the whole
HomoloGene database, we identified 93,152 (7.68%) comparisons
for which the genes were similar, but at least one of them had an
important particularity, denoting some particular function(s). This
confirm the observations made in the cases 1 and 2. These 7.68%
of valid comparisons resulting in the identification of genes having
Table 4. Similarity and particularity values of two couples of genes from case 2.
SV-based AQP6 AQP3 IC-based AQP6 AQP3
2*Sim AQP6 1 0.696 2*Sim AQP6 1 0.81
AQP3 1 AQP3 1
2*Par AQP6 0 0.247 2*Par AQP6 0 0.531
AQP3 0.415 0 AQP3 0.388 0
SV-based AQP8 AQP5 IC-based AQP8 AQP5
2*Sim AQP8 1 0.704 2*Sim AQP8 1 0.8
AQP5 1 AQP5 1
2*Par AQP8 0 0 2*Par AQP8 0 0
AQP5 0.19 0 AQP5 0.13 0
The similarity between AQP6 and AQP3 is very close to the similarity between AQP8 and AQP5 regardless the method used (SV or IC-based). However, the particularity
profile obtained for each couple is very different. Again, the SV-based and IC-based methods led to the same conclusion.
doi:10.1371/journal.pone.0086525.t004
Table 5. Similarity and particularity pattern in pairwise comparisons on homolog genes in the HomoloGene database.
Branch of GO BP MF CC All
Number of comparisons 1,843,998 1,843,998 1,843,998 5,531,994
Only one gene is annotated 511,899 574,815 581,819 1,668,533
No annotated gene 939,010 823,444 887,419 2,649,873
Two genes annotated 393,089 445,739 374,760 1,213,588
Sim§0.5; All Par,0.5 287,288 396,412 314,572 998,272
Sim§0.5; One Par§0.5 39,312 20,754 32,531 92,597
Sim§0.5; Two Spe§0.5 410 91 54 555
Sim,0.5 66,079 28,482 27,603 122,164
The five last lines refer to valid comparisons where the two genes were annotated.
doi:10.1371/journal.pone.0086525.t005
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some particular features, which however have enough common
GO annotation to remain similar are biologically very interesting.
This demonstrates the benefit s of using the semantic particularity
measure in addition to semantic similarity.
In the third case, we developed the Exportin-5 example to
illustrate the limitations of the semantic similarity measures. The
results of a similarity measure did not reflect that the amount of
particular functions while comparing the human gene to the
drosophila ortholog (‘‘tRNA binding’’ and four of its ancestors are
human-specific) is greater than while comparing it to the rat
ortholog (only ‘‘protein binding’’ is human-specific). The partic-
ularity measure showed that the human and drosophila Exportin-5
orthologs are not only similar, but that some quantifiable features
are in reality very specific to the human gene. Furthermore, the
high particularity of these orthologs is consistent with the results of
Shibata et al., who demonstrated that Exportin-5 orthologs are
functionally divergent among species [49].
Interpretation of similarity and particularity values
The case studies showed that combining similarity and
particularity makes it possible to identify some genes’ particular
functions that cannot be distinguished using similarity only. These
particular functions may be the result of a real biological
difference, a default of annotation, or a combination of both. If
we suspect a default of annotation, the results should be
interpreted carefully until the annotations are improved.
In the case 3, the number of annotations vary between the
compared orthologs. On the one hand, the results can reflect a real
particularity of function for some genes. On the other hand, the
high particularity of a gene can be the result of a lack of
annotations of the other gene. For example, when comparing MF
annotations for hsa and ath orthologs of Exportin-5, we observed
very high particularities for both species (respectively 0.641 and
0.871). We consider these results to be relevant, as the genes of
both species are well annotated (11 annotations in the expanded
set of hsa, 18 annotations in the expanded set of ath). Conversely,
care is warranted when interpreting the particularity of hsa over
Canis canis (cca). For these species, sim(hsa, cca) = 0.428, spe(hsa,
cca) = 0.611 and spe(cca, hsa) = 0. However, the expanded set of
annotations for the cca ortholog had only 4 terms compared to 11
for hsa. In this case, the high particularity of hsa could be
attributed to the lack of cca annotations.
Synthesis
We showed that gene set analysis can be improved by
considering gene-set particularities in addition to their similarity.
We proposed a set of formal properties and a new GO semantic
measure to compute gene-set particularity. We first showed that
particularity is a useful complement to similarity for comparing
gene sets, making it possible to detect similar gene sets for which
one of the sets also had some particular functions, and to identify
these functions. We also showed that using particularity also
improves gene clustering. Our particularity measure relies on the
informativeness of GO terms. This informativeness of a term can
be its Information Content or its Semantic Value. In this paper, we
combined our particularity measure with a similarity measure to
compare genes annotated GO terms, but this same principle can
be generalized to other ontologies.
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File S1 Complete results for the case 2 about Homo
sapiens aquaporin-mediated transport.
(ZIP)
Table S1 Semantic similarity values between genes
involved in the Saccharomyces cerevisiae tryptophan
degradation pathway. Color gradient according to similarity
value (0 = white, 1 = blue). The given numbers of annotations
(‘‘Annots’’) consider the GO terms that annotate directly the genes
and their ancestors.
(TIF)
Table S2 Semantic particularity values between genes
involved in the Saccharomyces cerevisiae tryptophan
degradation pathway. Color gradient according to particular-
ity value (0 = white, 1 = red or green). If Par(gene1, gene2) is
displayed in green, Par(gene2, gene1) is displayed in red. The
value contained in a cell is the particularity of the gene displayed at
its row header compared to the gene displayed at its column
header. For example, Par(ARO10, ARO8) = 0.62 and Par(ARO8,
ARO10) = 0.506. The given numbers of annotations (‘‘Annots’’)
consider the GO terms that annotate directly the genes and their
ancestors.
(TIF)
Table S3 Semantic similarity and particularity values
between Exportin-5 orthologs in 9 species. Color gradient
according to similarity value (0 = white, 1 = blue) and particularity
values (0 = white, 1 = red or green). If Par(gene1, gene2) is
displayed in green, Par(gene2, gene1) is displayed in red. The
value contained in a cell is the particularity of the gene displayed at
its row header compared to the gene displayed at its column
header. The given numbers of annotations (#Annot) consider the
total number of GO terms that annotate the genes either directly
or indirectly).
(TIF)
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Supporting information
TABLE S1 – Semantic similarity values between genes involved in the Saccharo-
myces cerevisiae tryptophan degradation pathway
ARO9 ARO8 ARO10 PDC6 PDC5 PDC1 SFA1 ADH5 ADH4 ADH3 ADH2 ADH1
# Annot 15 14 21 20 20 20 19 17 10 17 17 18
ARO9 15 1 0.92 0.283 0.295 0.295 0.295 0.229 0.237 0.269 0.237 0.237 0.233
ARO8 14 1 0.287 0.299 0.299 0.299 0.232 0.241 0.273 0.241 0.241 0.236
ARO10 21 1 0.961 0.961 0.961 0.352 0.395 0.449 0.395 0.395 0.371
PDC6 20 1 1 1 0.371 0.428 0.499 0.428 0.428 0.395
PDC5 20 1 1 0.371 0.428 0.499 0.428 0.428 0.395
PDC1 20 1 0.371 0.428 0.499 0.428 0.428 0.395
SFA1 19 1 0.932 0.745 0.932 0.932 0.91
ADH5 17 1 0.751 1 1 0.961
ADH4 10 1 0.751 0.751 0.747
ADH3 17 1 1 0.961
ADH2 17 1 0.961
ADH1 18 1
MF
SIM
Color gradient according to similarity value (0 = white, 1 = blue). The given numbers of
annotations (“Annots”) consider the GO terms that annotate directly the genes and their
ancestors.
TABLE S2 – Semantic particularity values between genes involved in the Saccharo-
myces cerevisiae tryptophan degradation pathway
Color gradient according to particularity value (0 = white, 1 = red or green). If Par(gene1,
gene2) is displayed in green, Par(gene2, gene1) is displayed in red. The value contained
in a cell is the particularity of the gene displayed at its row header compared to the gene
displayed at its column header. For example, Par(ARO10, ARO8) = 0.62 and Par(ARO8,
ARO10) = 0.506. The given numbers of annotations (“Annots”) consider the GO terms
that annotate directly the genes and their ancestors.
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TABLE S3 – Semantic similarity and particularity values between Exportin-5 ortho-
logs in 9 species
Color gradient according to similarity value (0 = white, 1 = blue) and particularity values
(0 = white, 1 = red or green). If Par(gene1, gene2) is displayed in green, Par(gene2,
gene1) is displayed in red. The value contained in a cell is the particularity of the gene
displayed at its row header compared to the gene displayed at its column header. The
given numbers of annotations (#Annot) consider the total number of GO terms that
annotate the genes either directly or indirectly).
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3 Synthe`se
Nous avons propose´ une mesure de particularite´ se´mantique. Cette mesure repose
sur la notion d’informativite´, qui est compatible avec les approches base´es sur le contenu
d’information aussi bien qu’avec la valeur se´mantique de l’approche de Wang. Nous avons
de´montre´ l’utilite´ de la mesure de particularite´ se´mantique, notamment pour identifier et
quantifier des caracte´ristiques propres a` un produit de ge`ne compare´ a` des produits de
ge`nes similaires.
Cette mesure ne remplace pas une mesure de similarite´, mais devrait eˆtre utilise´e
conjointement a` une telle mesure. En effet, la mesure de similarite´ se´mantique est
syme´trique. Ce n’est pas le cas de la mesure de particularite´ se´mantique, puisque la
particularite´ mesure´e en comparant A a` B est ge´ne´ralement diffe´rente de la particularite´
re´ciproque. Lorsque l’on compare deux ge`nes, on obtient donc des triplets (similarite´,
particularite´, particularite´ re´ciproque).
Les re´sultats de comparaison qui nous inte´ressent le plus sont ceux pre´sentant une
forte valeur similarite´ et une forte valeur de particularite´ parmi les deux obtenues. Cepen-
dant, ces cas ne sont pas de´tectables en utilisant seulement une mesure de similarite´
se´mantique. Or dans le cadre d’une comparaison inter-espe`ces, ils permettent d’identi-
fer des fonctions propres a` une espe`ce au sein d’un me´tabolisme qui paraıˆt au premier
abord simplement  similaire . La comparaison se´mantique de produits de ge`nes repose
donc sur l’interpre´tation des triplets obtenus en utilisant une mesure de similarite´ et notre
mesure de particularite´.
CHAPITRE 4
INTERPRE´TATION DES RE´SULTATS D’UNE MESURE
SE´MANTIQUE
Dans ce chapitre, nous pre´sentons une me´thode permettant de de´finir
un seuil de similarite´ et un seuil de particularite´. Ces seuils permettent de
savoir a` partir de quelle valeur de similarite´ il est possible de conside´rer
deux ge`nes comme similaires, et a` partir de quelle valeur de particu-
larite´ il est possible de conside´rer que les particularite´s d’un ge`ne sont
significatives. Ces seuils nous permettront d’interpre´ter les triplets de
similarite´ / particularite´s de´finis dans le chapitre pre´ce´dent. En effet,
graˆce a` ces seuils, il nous sera possible de distinguer syste´matiquement
les ge`nes ayant des fonctions particulie`res parmi des ge`nes similaires, qui
sont des cas particulie`rement inte´ressants dans le cadre de la comparai-
son inter-espe`ces de voies me´taboliques.
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1 Introduction
L’interpre´tation qualitative des triplets de valeurs similarite´ et particularite´s est difficile.
En effet, deux questions se posent. D’une part, a` partir de quelle valeur de similarite´ deux
produits de ge`nes peuvent eˆtre conside´re´s comme similaires. D’autre part, quelle valeur
de particularite´ marque l’existence d’une fonction diffe´rente. Accepter ou non la transposi-
tion de re´sultats biologiques entre espe`ces demande d’y re´pondre. En effet, si les ge`nes
intervenant dans une voie me´tabolique sont a` la fois similaires entre deux espe`ces et
pre´sentent peu de particularite´s, la transposition est cohe´rente. L’article suivant en cours
d’examen a` PLoS ONE re´pond a` cette proble´matique.
2 Article
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Thresholds of semantic similarity and parti-
cularity for gene set functional analysis
- RE´SUME´ -
L’analyse des termes GO qui annotent les ge`nes joue un roˆle important
dans l’interpre´tation des donne´es issues de processus a` haut-de´bits. Cette
analyse met typiquement en œuvre des mesures de similarite´ et particula-
rite´ se´mantiques capables de quantifier l’importance des annotations GO.
Cependant, il n’existait pas jusqu’a` ce jour de me´thode capable de valider
l’interpre´tation de valeurs de similarite´ et de particularite´ de fac¸on a` de´terminer
si deux ge`nes ou ensembles de ge`nes sont similaires ou si un ge`ne posse`de
une fonction particulie`re significative. Cette interpre´tation est souvent base´e
soit sur un seuil implicite, soit sur un seuil arbitraire (typiquement : 0.5). Cet
article pre´sente une me´thode pour de´terminer des seuils de similarite´ et de
particularite´. Nous avons compare´ des distributions de valeurs de similarite´s
issues de la comparaison de ge`nes que l’on savait similaires et de ge`nes
que l’on savait non similaires. Nous avons proce´de´ a` cette comparaison sur
les trois branches de Gene ontology. Dans toutes les situations, nous avons
observe´ un chevauchement entre les distributions similaires et non similaires,
indiquant que des ge`nes similaires pouvaient avoir une valeur de similarite´
plus basse que des ge`nes non similaires. Nous avons propose´ une me´thode
pour de´terminer les seuils optimaux de similarite´ et particularite´ en minimisant
respectivement les proportions de faux positifs et faux ne´gatifs dans les valeurs
de similarite´s, et les proportions de triplets (similarite´, particularite´, particularite´
re´ciproque) peu informatifs. Nous avons e´value´ nos seuils sur la totalite´ de la
base de donne´es HomoloGene. Pour chaque groupe de ge`nes homologues,
nous avons calcule´ toutes les valeurs de similarite´s et de particularite´s entre
les ge`nes pris deux par deux. Enfin, nous avons cible´ la famille multige´nique
PPAR et nous avons montre´ que les triplets de re´sultats de nos mesures
formaient des motifs permettant de mieux discriminer les orthologues des
paralogues. Nous proposons une me´thode pour de´terminer les seuils optimaux
de similarite´ et de particularite´ pour Gene Ontology. Leur utilisation re´sulte
en la formation de diffe´rents motifs de similarite´ et particularite´. L’analyse
qualitative mene´e sur la famille multige´nique PPAR a montre´ que ces seuils
permettent d’obtenir des motifs biologiquement pertinents.
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Abstract
Background: The analysis of genes’ Gene Ontology annotations plays an important role in the interpre-
tation of high throughput experiments results. This analysis typically involves semantic similarity and
particularity measures that quantify the importance of the Gene Ontology annotations. However, there
is currently no sound method supporting the interpretation of the similarity and particularity values in
order to determine whether two sets of genes are similar or whether one gene has some significant par-
ticular function. This interpretation is frequently based either on an implicit threshold, or an arbitrary
one (typically 0.5). This article focuses on a method for determining the similarity and particularity
thresholds.
Results: We compared the distributions of the similarity values of pairs of similar genes and of
pairs of non-similar genes. We performed these comparisons separately for the three branches of the
Gene Ontology. In all the situations, we observed an overlap between the similar and the non-similar
distributions, indicating that some similar genes had a similarity value lower than the similarity value of
some non-similar genes. We proposed a method for determining the optimal similarity and particularity
thresholds by minimizing the proportions of similarity false positives and of false negatives and by mini-
mizing the proportions of undesirable patterns, respectively. We evaluated our thresholds on the whole
HomoloGene database. For each group of homologue genes, we computed all the similarity and partic-
ularity values between pairs of genes. Finally, we focused on the PPAR multigenic family and showed
that the similarity and particularity patterns obtained with our thresholds were better at discriminating
orthologs and paralogs.
Conclusion: We proposed a method for determining optimal semantic similarity and particularity
thresholds on the Gene Ontology. Using them results in different similarity and particularity patterns.
The qualitative analysis on the PPAR multigenic family showed that these threshold yielded biologically-
relevant patterns.
Introduction
Comparing several gene sets and identifying and quantifying their common features as well as the ones
that differentiate them are important parts of gene sets functional analysis [1–3]. These operations depend
on the comparison of sets of Gene Ontology (GO) terms [4]. Numerous semantic similarity measures have
been developed [5–7]. Recently, we have proposed to combine semantic similarity measures and a new
semantic particularity measure to improve the results of gene sets analysis. The analysis of the similarity
and particularity results is based on an interpretation that contrasts the genes having particular functions
among similar genes. Previous studies have mainly focused on the definitions of measures. However, there
is no extensive study about the interpretation of theses values. As a result, interpretation is frequently
based either on an implicit threshold or an arbitrary one. Moreover, the value of these threshold may
vary over time, as both GO and GOA evolve. In this study, we analyze how similarity and particularity
2values are distributed and we propose adequate thresholds.
The GO terms annotating genes describe the biological processes, molecular functions and cellular
components each gene is involved in. If these terms were independent, gene set characterization could
be performed by a straightforward set-based approach such as the Jaccard index or Dice’s coefficient.
However, GO terms are hierarchically-linked. Consequently, the characterization needs to take into
account the underlying ontological structure of the GO annotations [8]. Several semantic similarity
measures that exploit the formal representation of the meaning of the terms by considering the relations
between the terms have been developed and evaluated [5]. Pesquita et al. classified these measures in two
categories: node and edge-based methods, with some hybrid measures. Node-based measures assign each
ontology term an Information Content (IC) value, the least frequent terms having the highest IC value.
This IC concept, borrowed from Shannon’s Information Theory [9], was used to measure similarities using
ontologies [10–12] such as WordNet [13]. Node-based measures consider that the similarity between two
terms rely on their most informative common ancestor. These methods developed in linguistics have
been applied to GO [14, 15], the IC of a GO term being inversely proportional to the frequency with
which it annotates a gene using the Gene Ontology Annotations (GOA) database [16]. In the context
of genes comparison, IC-based methods have three main limits related to their dependence on a GOA-
based corpus. First, it can prove difficult or even impossible to obtain a relevant corpus. GOA provides
single and multi-species tables of annotation. Although using a species-specific table is well-suited to
intra-species comparisons, it becomes problematic for inter-species comparisons. Second, using a multi-
species table (like the UniprotKB table) for cross-species studies is biased towards the most extensively
annotated species such as human or mice. Third, the well-studied areas of biology have high annotation
frequencies and are therefore less informative and see their importance downgraded, whereas the less-
studied areas are artificially upgraded [17–19]. Edge-based measures compute a distance between GO
terms using the directed graph topology. This distance can be the shortest path between two compared
terms [20] or the length of the path between the root of the ontology and the lowest common ancestor of
the compared terms [21–25]. This last distance makes terms with a deep common ancestor more similar
than terms with a common ancestor close to the root. Unlike node-based measures, edge-based measures
are not corpus-dependent. However, granularity is not uniform in GO, so terms at the same depth can
have different precisions [26]. Hybrid methods combine different aspects of node-based and edge-based
methods. Wang et al. method assigns each term a semantic value that represents how informative the
term is, conforming to the node-based approach [27]. However, the semantic value of a term is obtained
by following the path from this term to the root and summing the semantic contributions of all the
ancestors of this term. As the semantic value depends on the ontology topology, it also conforms to the
edge-based approach. Most of these methods are designed to compare terms but not sets of terms (as
needed to compare genes). Common approaches proposed to compare genes consider the average [14],
the maximum [28] of all pairwise similarities, or only the best matching pairs [29, 30]. Pesquita et al.
consider that the best-match average variants are the best overall. However, they do not single out any
specific semantic similarity measure as the best one, because the optimal measure will depend on the
data to compare and the level of detail expected in the results. The main advantage of Wang’s method
compared to purely node-based methods is that unlike the IC, the semantic value is not GOA-dependent.
It is thus well-suited to cross-species comparisons.
Semantic similarity measures typically focus on what is common between the two compared entities.
We recently developed a semantic particularity measure to also take into account what distinguishes each
compared entity from the other one [31]. The semantic particularity of a set A of GO terms compared
to another set B of GO terms depends on the informativeness measure of the A terms that are not in
B. This informativeness measure can be Wang’s semantic values or an Information Content value. This
concept of particularity is to use in combination with a semantic similarity in order to improve gene set
functional analysis.
The data analysis often hinges on a qualitative interpretation of the similarity values in order to
3contrast similar and dissimilar pairs of genes. This discretization of the similarity and particularity
values makes the interpretation easier. It helps to consider whether a functional difference is marginal or
not while comparing two genes. However, no systematic analysis of the optimal threshold value separating
similar from dissimilar has been conducted. Some studies avoid the problem by focusing only on high
or low values (without mentioning when a value reaches this point). Other studies draw the line at 0.5
(with no other motivation than 0.5 being the mid-range value of the similarity interval). In some cases,
the threshold of 0.5 may be unadapted. For example, the similarity value between the protein tyrosine
kinase 2 (PTK2) and the Ubiquitin B (UBB) is 0.502 using Wang similarity measure on their Biological
Processes (BP) annotations. This value is just above the mid-interval intuitive threshold. These two
genes are well annotated: they have respectively 73 and 79 distinct BP annotations. According to
Entrez Gene, PTK2 is involved in cell growth and intracellular signal transduction pathways triggered
in response to certain neural peptides or to cell interactions with the extracellular matrix while UBB is
required for ATP-dependent, nonlysosomal intracellular protein degradation of abnormal proteins and
normal proteins with a rapid turnover. These processes can not be considered as similar. Consequently,
the 0.502 value of similarity does not allow to consider PTK2 and UBB as similar genes according to the
BP they participate in.
The main factors influencing the similarity values are: granularity differences in GO, GO topological
differences between BP, MF and CC, quantity and quality of gene annotations, GO temporal evolu-
tion [32]. There is a need for a systematic study of the semantic measures values in order to determine
optimal similarity and particularity thresholds for the qualitative part of gene set functional analysis.
Method
We propose a method to define a threshold for a node-based and a hybrid semantic similarity measure
as well as corresponding semantic particularity measures.
Metrics
Semantic similarity
Lin’s Method. Lin is a widely used node-based similarity measure method that uses the Information
Content (IC) concept [11]. Several tools available have implemented this method. The IC of a term
t depends on its log probability P (t). Working with the Gene Ontology terms, this IC is inversely
proportional to the frequency with which the terms annotates a gene using the Gene Ontology Annotations
(GOA) database. While comparing two GO terms t1 and t2, having a most informative common ancestor
t0, Lin defines their similarity as follows:
Sim(t1, t2) =
2× logP (t0)
logP (t1) + logP (t2)
In this article, we computed Lin’s similarity with the GOSemSim R package using the best-match
average approach to compare genes [33].
Wang’s method. This method depends only on the GO graph and does not need any annotation
corpus, allowing cross-species comparisons [27]. The first step of the method is to compute the semantic
contributions of the ancestors of each term to compare to these terms, following:{
SA(A) = 1
SA(t) = max{we ∗ SA(t′) | t′ ∈ children of (t)} if t 6= A
4where SA(t) is the semantic contribution of the term t to the term A and we is the semantic contri-
bution factor for edge e linking a term t with its child term t’. According to Wang, we use a semantic
contribution factor of 0.8 for the “is a” relations and 0.6 for the “part of” relations, and we added a 0.7
factor for the “[positively] [negatively] regulates” relations. Then, for each target term to compare, the
semantic value is the sum of the semantic contributions of all its ancestors:
SV (A) =
∑
t∈TA
SA(t)
The comparison of two terms A and B is computed as following:
SGO(A,B) =
∑
t∈TA∩TB
(SA(t) + SB(t))
SV (A) + SV (B)
The similarity between a term “go” and a set of term “GO” is:
Sim(go,GO) = max
16i6k
(SGO(go, goi))
Last, the similarity between two genes G1 and G2 is:
Sim(G1, G2) =
∑
16i6m
(Sim(go1i, GO2) +
∑
16j6n
(Sim(go2j , GO1)
m+ n
In this article, we used an in-house implementation of Wang’s similarity computation.
Semantic particularity
In a previous article, we defined the semantic particularity of a set of GO terms Sg1 compared to another
set of GO terms Sg2 [31].
Some of the terms of Sg1 that are not members of Sg2 may be linked in the graph. Taking several
linked terms into account would result in considering them several times. Therefore, the particularity
measure only focuses on the terms of Sg1 that do not have any descendant in Sg1 and that are not
members of Sg2. Some of these terms might be ancestors of terms of Sg2 and should be considered
as common to Sg1 and Sg2. Sg∗ is the union of Sg and the sets of ancestors of each element of Sg.
MPT(Sg1, Sg2) is the set of most particular terms of Sg1 compared to Sg2, i.e. the set of terms of Sg1
that do not have any descendant in Sg1 and that are not members of Sg2∗. PI(Sg1, Sg2) is the particular
informativeness of a set of GO terms Sg1 compared to another set of GO terms Sg2, i.e. the sum of the
differences between the informativeness (I) of each term tp of MPT(Sg1, Sg2) and the informativeness
of the most informative common ancestor (MICA) between tp and Sg2. The PI of a set of terms is the
information that is not shared with the other set.
PI(Sg1, Sg2) =
∑
tp∈MPT (Sg1,Sg2)
I(tp)− I(MICA(tp, Sg2))
PI is normalized to compute Par(Sg1, Sg2), the semantic particularity of the set of GO terms Sg1
compared to the set of GO terms Sg2. MCT(Sg1, Sg2) is the set of the most informative common terms
of Sg1 and Sg2, i.e. the set of the terms belonging to the intersection of Sg1∗ and Sg2∗ that do not have
any descendant either in Sg1∗ or in Sg2∗. Par(Sg1, Sg2) is the ratio of PI(Sg1, Sg2) and the sum of the
informativeness of Sg1 most informative terms (i.e. those Sg1-specific and those common with Sg2; the
MICA in the PI formula for the Sg1-specific guarantees that the informativeness of common terms is not
counted twice).
5Par(Sg1, Sg2) =
PI(Sg1, Sg2)
PI(Sg1, Sg2) +
∑
tc∈MCT (Sg1,Sg2) I(tc)
Similarity threshold determination
Interval determination for similarity threshold
Ideally, the similarity threshold would allow to distinguish all similar and non-similar genes, without false
positives nor false negatives. When comparing two similarity distributions, one of similar genes (S) and
one of non-similar genes (N), the minimum value of S should be greater than the maximum value of N.
S and N distributions can be represented by boxplots, which may overlap.
Figure 1 illustrates the case without overlap, where we have min(S) = a and max(N) = b. On this
Figure, a > b. A similarity value greater than a means that the compared genes are similar. A similarity
value lower than b means that the compared genes are not similar. A similarity value between a and b
means that the compared genes are nearly similar and an expert opinion could be required to specify the
result.
Figure 2 illustrates the case where the S and N distributions overlap, meaning that there are some
false positives (i.e. pairs of genes from N that are not similar but that have a similarity value greater
than a) and false negatives (i.e. pairs of genes from S that are similar but have a similarity value lower
than b). In this case, a similarity value lower than a means that the compared genes are not similar. A
similarity value greater than b means that the compared genes are similar. Again, an expert opinion
could be required to specify the result in this interval. However, it is possible in this case to find the
threshold value that minimizes both FP and FN.
It is possible to establish a general decision framework which will work in the two cases described in
this section. We can define three thresholds values:
• τS = max(a, b) is the threshold value above which the two compared genes are similar. There can
not be any FP above τS , but there may be some FN below τS if a < b.
• τN = min(a, b) is the threshold value under which the two compared genes are not similar. There
cannot be any FN below τN , but there may be some FP above τN if a < b.
• τsim is the threshold value located between τS and τN that that minimizes the proportion of FP
and FN. The closer τsim is to τS , the more FN and the fewer FP (and conversely).
BP, MF and CC similarity thresholds
In order to determine τS , τN and τsim, we constituted different S and N distributions for BP, CC and
MF.
For BP, we computed similarity values between all the pairs of genes from a same PANTHER family
to obtain an S distribution. The PANTHER (Protein ANalysis THrough Evolutionary Relationships)
database classifies proteins (and their genes) in order to facilitate high-throughput analysis [34]. The
PANTHER families are composed of genes sharing an evolution history, molecular functions and bio-
logical processes annotations, and an involvment in the same biological pathways. We assumed that
genes belonging to a same PANTHER family share enough features to be considered as being involved
in similar biological processes. We computed six S distributions from six different PANTHER families:
histone h1/h5 (pthr11467), g-protein coupled receptor (pthr12011), neurotransmitter gated ion channel
(pthr18945), tyrosine-protein kinase receptor (pthr24416), phosphatidylinositol kinase (pthr10048) and
sulfate transporter (pthr11814). We computed fifteen N distributions corresponding to all the combina-
tions of two families among the previous six. Each N distribution is composed of the similarity values
6between a gene from the first family and a gene from the second one. We assumed that two genes belong-
ing to two different PANTHER families should not be considered as being involved in similar biological
processes.
For MF, we used the same six genes families to compute our six S and our fifteen N distributions, as
the PANTHER families are also homogeneous in term of molecular functions.
For CC, we used the genes from five different pathways, each one located in a different cellular com-
partment, to compute our five S and ten N distributions. The lists of genes were provided by the Reactome
database [35]. The five pathways and their respective compartment were: chromosome maintenance (nu-
cleoplasm and nuclear membrane), mitochondrial protein import (mitochondrial inter-membrane space,
membrane and matrix), potassium channel (cellular membrane), protein folding (cytosol), termination of
O-glycan biosynthesis (Golgi lumen).
Particularity threshold
The result of a semantic comparison of genes is a tuple of one similarity value and two particularity
values. Combining a similarity measure with a particularity measure allows to classify the results of
our comparisons using the eight distinct patterns described in table 1. A comparison should not result
in a “+ + +” or a “- - -” pattern. Indeed, a “+ + +” pattern would mean that the two compared genes
share enough features to be considered as similar and, in the same time, they have respectively enough
particular features to be both considered as particular. Conversely, a “- - -” pattern would mean that
the two compared genes are neither similar, nor particular. Consequently, we can refine the different
threshold intervals we proposed before by minimizing the “+ + +” and “- - -” results while varying the
thresholds inside these intervals.
Threshold stability study
We validated our study using a leave-one-out approach which consisted in successively recomputing the
thresholds using all the sets but one. This approach allows to assess the stability of the thresholds.
Evaluation
The evaluation study consisted in both quantifying the extent of the changes resulting from using
the threshold we computed instead of the default 0.5, and in determining whether these changes are
biologically-relevant.
The first part of this study focused on the changes in the results of the whole HomoloGene database
intra-group genes comparisons.
In the second part of this study, we computed the similarity and particularity measures on the well
annotated PPAR multigenic family (PPARα, PPARβ and PPARγ). Our goal was to determine whether
our similarity and particularity thresholds leads to biologically more relevant interpretations than the
default approach. In the PPAR family, we considered the distinction between the orthologs and the
paralogs.
Results and discussion
Determination of a threshold range using semantic comparisons of genes
We studied the similarity and particularity values obtained while comparing genes known to be function-
ally close and genes without functional proximity. We used two different semantic similarity measures:
an hybrid (Wang) and a node-based (Lin). We used the semantic particularity measure of Bettembourg
et al., respectively with Semantic value and with IC.
7Figure 3 presents the distribution of the BP similarity values obtained for six intra-PANTHER families
comparisons and the corresponding fifteen inter-families comparisons. As expected, similarity values
obtained using either the Wang (Part A) or Lin (Part B) method in the intra-families comparisons were
significantly higher than the ones of the inter-families comparisons , as determined by the Welch test
(Supplementary file 1). In order to consider all the intra-families results as similar, the similarity
threshold should be lower than the lowest whisker of the intra-families blue box (τS): respectively 0.164
for Wang and 0.325 for Lin. In order to consider all the inter-families results as non similar, the similarity
threshold should be greater than the upmost whisker of the inter-family yellow box (τN ): respectively
0.618 for Wang and 0.794 for Lin. Intra-families values lower than the threshold should be considered as
False Negatives (FN) and inter-families values greater than the threshold should be considered as False
Positives (FP).
Figure 4 presents the distribution of the MF similarity values obtained for our six intra-PANTHER
families comparisons and the corresponding fifteen inter-families comparisons. Again and as expected,
similarity values obtained using Wang (Part A) or Lin (Part B) method in the intra-groups similarity
were significantly higher than the inter-groups ones, as determined by the Welch test (Supplementary
file 2). In order to consider all the intra-pathways results as similar, the similarity threshold should be
lower than the lowest whisker of the intra-pathways blue box (τS): respectively 0.251 for Wang and 0.506
for Lin. In order to consider all the inter-pathways results as non similar, the similarity threshold should
be greater than the upmost whisker of the inter-pathways yellow box (τN ): respectively 0.671 for Wang
and 0.725 for Lin.
Figure 5 presents the distribution of the CC similarity values obtained for our five intra-pathways
comparisons and the corresponding ten inter-pathways comparisons. Similarity values obtained using
either the Wang (Part A) or Lin (Part B) method in the intra-groups similarity were again significantly
higher than the inter-groups ones as determined by the Welch test (Supplementary file 3). In order to
consider all the intra-pathways results as similar, the similarity threshold should be lower than the lowest
whisker of the intra-pathways blue box (τS): respectively 0.166 for Wang and 0.28 for Lin. In order to
consider all the inter-pathways results as non similar, the similarity threshold should be greater than the
upmost whisker of the inter-pathways yellow box (τN ): respectively 0.773 for Wang and 0.938 for Lin.
For BP, MF and CC, the values obtained with the yellow box were greater than the values obtained
with the blue box for both Wang and Lin measures. Consequently, we have in each case an overlap
between our S and N distributions, which corresponds to the situation shown in Figure 2.
Threshold value optimization
Overlap study for the determination of a similarity threshold
In the previous section, we have defined the τS and τN values from Figure 2 for our BP, MF and CC S
and N sets. A similarity value lower than τN means that the compared genes are not similar whereas a
similarity measure result above τS means that the compared genes are similar. Between these two values,
it is complicated to determine whether a similarity value indicates that the compared genes are similar or
not. As we have an overlap between our blue and yellow boxes, defining a threshold in this interval will
yield some False Positive and some False Negative results. We have determined the optimal similarity
threshold value that minimizes the sum of FP and FN proportions. We used the proportions because
S and N distributions have different sizes. Figure 6 displays the results for Wang’s SV-based measure
and Figure 7 for Lin’s IC-based measure. The minimum ordinate value of each curve of the Figures 6
and 7 gives the threshold for BP, MF and CC using respectively the Wang’s method and the Lin’s
method. All the values obtained for the boxplots (Figures 3, 4 and 5) and the threshold variation curves
(Figures 6 and 7) are summarized in the Table 2. These similarity thresholds are different depending
on the similarity measure used. They also differ between BP, MF and CC. This can be explained by
the different complexity level between these three branches [32]. According to the accuracy needed when
8interpreting semantic similarity results, it is possible to use one of the three proposed thresholds (τN , τS
and τsim). None of these thresholds is equal to the intuitive threshold of 0.5.
Particularity threshold
We studied the variation of + + + and - - - profiles in our datasets using one of our three similarity
thresholds and varying the value of τpar, the particularity threshold. Let sim be the result of a semantic
similarity measure between two genes G1 and G2. If sim is lower than τN , we can conclude that G1 and
G2 are strictly non-similar. Conversely, if sim is greater than τN , we can only conclude that G1 and G2
are possibly similar but with no certainty. If sim is greater than τS , we can conclude that G1 and G2 are
strictly similar. Conversely, if sim is lower than τS , we only can conclude that these genes are possibly
non-similar but with no certainty. Last, using τsim cannot lead to a conclusion with absolute certainty,
but has the smallest risk of error. Indeed, using τN and τS can result respectively in a great amount of
FP and in a great amount of FN. Consequently, we used the similarity threshold τsim to compute τpar,
the particularity threshold.
The Figure 8 displays the results using a SV-based approach and the Figure 9 using an IC-based one.
Just like for similarity, we normalized all the + + + and - - - values in percentage of each considered
dataset. Table 3 gives the particularity thresholds (τpar) minimizing the sum of + + + and - - - patterns.
These thresholds are different between BP, MF and CC and between the different approaches.
Thresholds robustness
In order to study the robustness of our optimization, we successively removed one gene set from our data
sets and re-computed the similarity and particularity thresholds. We performed this analysis on BP, MF
and CC. Tables 4 and 5 present the results respectively for SV-based and IC-based methods. According
to the different datasets, the thresholds varied slightly.
BP similarity was between 0.4 and 0.435 and BP particularity threshold was between 0.49 and 0.515.
MF similarity threshold stayed stable at 0.41, except when not taking into account the family of the
genes relative to the neurotransmitter gated ion channels (0.49). The case of MF was different from BP
and CC regarding its similarity (FP + FN) curve. Indeed, the 0.41 minimum value was located at the
extreme left of a part of the curve where (FP + FN) varied very slightly. Consequently, leaving out
the dataset “neurotransmitter gated ion channels” which was causing this specific position of minimum
greatly affected the threshold. However, it should be put in perspective first with the relatively long
interval in which the sum of FP and FN remained low, and second, with the fact that the minimum of
0.49 obtained without the “neurotransmitter gated ion channels” set was located at the opposite part of
this range of stability. MF particularity threshold was between 0.35 and 0.485.
CC similarity threshold was between 0.475 and 0.515 and CC particularity threshold was between
0.28 and 0.335.
Considering Figures 6, 7, 8 and 9, the minimum ordinate value of the sums FP + FN and “+ + +”
+ “- - -” was located in each case in a relatively large range in which the ordinate varied only slightly.
Consequently, we concluded that the similarity and particularity thresholds can be located in the range
where the sum of the FP, FN, + + + and - - - proportions varied the least. Last, we have to notice that
each threshold presented here admits errors in the proportion described in the Table 4.
Evaluation
Large scale evaluation of the thresholds changes impact
We evaluated the impact of our new similarity and particularity thresholds over a large dataset character-
ization. We compared the repartition of semantic measures results among the different patterns proposed
in table 1 for the whole HomoloGene database considering a 0.5 arbitrary threshold and our thresholds.
9HomoloGene is a system that automatically detects homologs, including paralogs and orthologs, among
the genes of 21 completely sequenced eukaryotic genomes [36]. The tables 6, 7 and 8 summarize the
results respectively for BP, MF and CC. We have not distinguished the “+ + -” and “+ - +” categories
as well as the “- + -” and “- - +”, because the order of particularities values in the results of this study
is meaningless. All categories of the pattern described in Table 1 have been impacted by the change
of threshold. As the new thresholds are different between BP, MF and CC, the transitions observed
are different. For example, the number of “+ + -” increased for BP while it decreased for MF and
CC. However, in all cases, the greatest increase of effective concerns the “+ + - and + - +” category,
respectively +26.2%, +18.5% and + 36.7% for BP, MF and CC. The number of “+ + +” and “- - -”
cases, that are the least informative ones, decreased for BP (-11.2%) and MF (-34.8%) but increased
for CC (+49%). Overall, the change of thresholds deeply impacted the repartition of the HomoloGene
intra-groups comparison results between the different patterns.
Case study: the PPAR multigenic family
The multigenic family of the peroxisome proliferator activated receptor (PPAR) is involved in different
processes [37] as a transcription factor. Each member of this family (PPARα, PPARβ and PPARγ)
uses the same molecular mechanisms in different metabolisms. This family was well conserved through
evolution [38]. We expected a similarity value above the threshold for BP when comparing PPAR or-
thologs in several species. However, the ortholog conjecture assumes that orthologs generally share more
functions than paralogs. We consequently expected some similarity values under the threshold when
comparing PPAR paralogs inside a species and between species. Table 8 and 9 display the results of
this study respectively for BP and MF. Each gene was only annotated by one or two CC terms, so we
kept CC results out of this study. All our similarity values were greater than τsim. To observe some
differences between orthologs and paralogs similarity, we consequently had to use τS . This threshold
gives the certainty that the results above it indicate two similar genes. However, the only conclusion
that can be inferred for the genes comparisons resulting in values between τsim and τS is that there is a
doubt on these genes being similar. The results of inter-orthologs comparisons systematically matched
a “+ - -” pattern, according to our expectations. In contrast, we observed some values lower than τS
and greater than τpar when comparing paralogs, resulting in “+ + -”, “- + -” and “- - +” patterns.
A recent article of Thomas et al. “strongly encourage careful consideration of the interpretations” of
GO-related analysis [39]. Consequently, the only possible conclusion here is that the actual state of the
PPAR annotation is consistent with the ortholog conjecture, according to a similarity and a particularity
measure, using our new thresholds.
Conclusion
In this article, we proposed a method for determining the similarity and particularity thresholds for BP,
MF and CC branches of Gene Ontology. These new thresholds allow a new insight over semantic measure
results. We showed that the results of the comparisons in the HomoloGene database were classified very
differently using the new thresholds. These new thresholds also better separated orthologs and paralogs
in the multigenic family of PPAR. The new thresholds we proposed are not absolute. As the curve
used to define them draw a plane where the thresholds are minimized, we can pick our thresholds in a
relatively large range. The precise thresholds values we proposed are only the minimum value of this
range. Furthermore, we think that a threshold value has to be considered in a biological context. It has
to be reevaluated considering this context, GO and GOA evolution and the semantic measure used.
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Figure 1. Ideal case of threshold determination. The threshold should be located between the
similar and the non-similar boxes.
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Figure 2. Overlap case in threshold determination. The similar and non-similar boxes overlap.
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Figure 3. BP distribution of similarity values comparing similar and non-similar genes.
Part A concerns the results of the Wang’s similarity measure. Part B concerns the results of the Lin’s
similarity measure.
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Figure 4. MF distribution of similarity values comparing similar and non-similar genes.
Part A concerns the results of the Wang’s similarity measure. Part B concerns the results of the Lin’s
similarity measure.
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Figure 5. CC distribution of similarity values comparing similar and non-similar genes.
Part A concerns the results of the Wang’s similarity measure. Part B concerns the results of the Lin’s
similarity measure.
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Figure 6. Determination of the Wang’s similarity threshold. The minimum of false positive
and false negative proportions gives the similarity threshold (τsim). The overlaping parts of the
boxplots (between τN and τS) from the part A of Figures 3, 4 and 5 are shown in the lower part of the
figure. The thresholds are located between the similar and non-similar boxes.
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Figure 7. Determination of the Lin’s similarity threshold. The minimum of false positive and
false negative proportions gives the similarity threshold (τsim). The overlaping parts of the boxplots
(between τN and τS) from the part B of Figures 3, 4 and 5 are shown in the lower part of the figure.
The thresholds are located between the similar and non-similar boxes.
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Figure 8. Determination of the SV-based particularity threshold. The minimum of + + +
and - - - patterns proportions gives the particularity threshold.
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Figure 9. Determination of the IC-based particularity threshold. The minimum of + + + and
- - - patterns proportions gives the particularity threshold.
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Tables
Table 1. Patterns of similarity and specificity
Notation sim(A, B) par(A, B) par(B, A)
+ + + > τsim > τpar > τpar
+ + - > τsim > τpar < τpar
+ - + > τsim < τpar > τpar
+ - - > τsim < τpar < τpar
- + + < τsim > τpar > τpar
- + - < τsim > τpar < τpar
- - + < τsim < τpar > τpar
- - - < τsim < τpar < τpar
The results of a semantic comparison of gene annotations can be summarized in height patterns
according to the similarity and particularities values. The first sign is a “+” if the similarity is greater
than or equal to the similarity threshold τs, a “-” otherwise. The two other signs depends on the two
particularity values, a “+” for a particularity greater than the particularity threshold τp and a “-”
otherwise.
Table 2. Semantic similarity thresholds for Wang and Lin methods
Wang Lin
τN
Genes are
not similar
under
τS
Genes are
similar
above
τsim
Threshold
minimizing
FP and FN
τN
Genes are
not similar
under
τS
Genes are
similar
above
τsim
Threshold
minimizing
FP and FN
BP 0.164 0.618 0.4 0.325 0.794 0.54
MF 0.251 0.671 0.41 0.506 0.725 0.535
CC 0.166 0.773 0.475 0.28 0.938 0.52
For each method, τN and τS respectively give the value of the lowest whisker of the blue box and the
value of the upmost whisker of the yellow box of the boxplots in the Figures 3, 4 and 5. For each
method, τsim is the value of threshold that minimizes the proportions of false positive and false negative
results, corresponding to the minimum ordinate of the curves in the Figures 6 and 7.
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Table 3. Semantic SV-based and IC-based particularity thresholds
SV-based particularity threshold IC-based particularity threshold
BP 0.515 0.68
MF 0.485 0.66
CC 0.335 0.6
These thresholds minimize the proportions of non-informative “+ + +” or “- - -” patterns according to
Table 1.
Table 4. Thresholds variations considering full and partial datasets (SV-based methods)
Set
Sim.
threshold
FN(%) FP(%)
Par.
threshold
+ + + (%) - - - (%)
BP set 0.4 18.688 19.7 0.515 2.014 2.303
BP set w/o histone 0.42 23.429 16.372 0.495 1.974 2.506
BP set w/o g-protein... receptor 0.405 16.103 17.626 0.515 2.129 2.29
BP set w/o neurotr... channel 0.4 19.276 17.03 0.515 1.715 2.764
BP set w/o tyrosine-... receptor 0.435 27.708 14.451 0.49 1.515 1.648
BP set w/o phosphat...-kinase 0.4 18.954 19.908 0.51 2.154 2.1
BP set w/o sulfate transporter 0.42 23.642 14.784 0.495 1.632 2.624
MF set 0.41 1.602 14.15 0.485 0.894 0.301
MF set w/o histone 0.41 1.625 14.763 0.465 1.121 0.232
MF set w/o g-protein... receptor 0.41 1.831 13.842 0.45 1.795 0.221
MF set w/o neurotr... channel 0.49 4.599 8.668 0.35 0.857 0.599
MF set w/o tyrosine-... receptor 0.41 2.666 12.419 0.485 0.301 0.399
MF set w/o phosphat...-kinase 0.41 1.625 12.666 0.485 1.013 0.253
MF set w/o sulfate transporter 0.41 1.63 14.993 0.485 0.946 0.245
CC set 0.475 17.864 21.443 0.335 5.013 4.677
CC set w/o Chr... maintenance 0.475 27.342 20.251 0.335 5.04 4.583
CC set w/o Mitoch... import 0.475 18.041 21.114 0.335 5.427 3.921
CC set w/o Potassium channels 0.515 15.987 17.133 0.28 7.15 4.902
CC set w/o Protein folding 0.475 17.417 19.082 0.335 4.218 4.97
CC set w/o Term... biosynthesis 0.475 17.867 21.717 0.355 3.873 4.086
This table summarizes the thresholds obtained considering each complete data set or all the groups of a
data set except one using Wang similarity measure and SV-based particularity measure. The numbers
given for FP, FN, “+ + +” and “- - -” are percentages of the comparison results.
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Table 5. Thresholds variations considering full and partial datasets (IC-based methods)
Set
Sim.
threshold
FN(%) FP(%)
Par.
threshold
+ + + (%) - - - (%)
BP set 0.54 16.401 12.88 0.68 1.598 2.665
BP set w/o histone 0.54 16.465 12.326 0.68 1.671 2.896
BP set w/o g-protein... receptor 0.525 14.101 16.081 0.685 1.279 1.71
BP set w/o neurotr... channel 0.525 15.556 15.887 0.69 1.619 1.823
BP set w/o tyrosine-... receptor 0.54 14.403 12.969 0.68 2.168 1.98
BP set w/o phosphat...-kinase 0.525 14.687 14.071 0.685 1.77 2.279
BP set w/o sulfate transporter 0.54 16.633 12.144 0.68 1.484 3.048
MF set 0.535 2.514 7.799 0.66 2.935 5.506
MF set w/o histone 0.535 2.584 5.756 0.66 3.117 5.957
MF set w/o g-protein... receptor 0.565 0.9 9.016 0.66 0.569 1.275
MF set w/o neurotr... channel 0.535 4.258 8.661 0.69 2.98 10.424
MF set w/o tyrosine-... receptor 0.535 2.514 7.849 0.74 1.463 5.248
MF set w/o phosphat...-kinase 0.535 2.514 7.817 0.66 3.015 5.723
MF set w/o sulfate transporter 0.52 2.431 7.265 0.65 2.478 5.956
CC set 0.52 11.838 19.538 0.6 7.155 4.622
CC set w/o Chr... maintenance 0.545 15.222 19.971 0.6 8.717 4.87
CC set w/o Mitoch... import 0.52 12.266 17.596 0.605 7.168 3.983
CC set w/o Potassium channels 0.52 16.347 18.905 0.56 8.427 4.338
CC set w/o Protein folding 0.52 8.072 20.313 0.595 8.026 3.039
CC set w/o Term... biosynthesis 0.52 11.641 18.463 0.6 5.96 4.573
This table summarizes the thresholds obtained considering each complete data set or all the groups of a
data set except one using Lin similarity measure and IC-based particularity measure. The numbers
given for FP, FN, “+ + +” and “- - -” are percentages of the comparison results.
Table 6. Evolution of patterns in Homologene intra-groups BP comparisons results
BP
. 
+ - - + + - or
+ - +
+ + + - + + - + - or
- - +
- - - Total using 0.5
thresholds
+ - - 268,471 0 0 0 0 0 268,471
+ + - or + - + 1,780 54,168 0 0 0 0 55,948
+ + + 7 270 2,623 0 0 0 2,900
- + + 2 154 2,254 10,374 304 1 13,089
- + - or - - + 177 16,027 0 0 32,578 102 48,884
- - - 2,883 0 0 0 0 1,401 4,284
Total using new
thresholds
273,320 70,619 4,877 10,374 32,882 1,504 T= 393,576
Numbers of pairs of genes changing from one pattern to another when considering our optimal
similarity and particularity thresholds instead of the default values of 0.5. The most important
transition consists in 16,027 results moving from the “- + - or - - +” category (size decreased by 32.7%)
to the “+ + - or + - +” category (size increased by 26.2%). The number of “+ + +” results is greater
with the new thresholds but the number of “- - -” is lower. Globally, the sum of the numbers of the
+ + + and - - - patterns has decreased (-11.2%).
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Table 7. Evolution of patterns in Homologene intra-groups MF comparisons results
MF
. 
+ - - + + - or
+ - +
+ + + - + + - + - or
- - +
- - - Total using 0.5
thresholds
+ - - 377,017 2,197 14 0 0 0 379,228
+ + - or + - + 0 37,680 56 0 0 0 37,736
+ + + 0 0 666 0 0 0 666
- + + 0 0 297 8,507 0 0 8,804
- + - or - - + 0 4,738 15 34 12,953 0 17,740
- - - 1,189 87 0 0 25 672 1,973
Total using new
thresholds
378,206 44,702 1,048 8,541 12,978 672 T= 446,147
Numbers of pairs of genes changing from one pattern to another when considering our optimal
similarity and particularity thresholds instead of the default values of 0.5. After the change of
threshold, the most important transition consists in 4,738 results moving from the “- + - or - - +”
category (size decreased by 26.8%) to the “+ + - or + - +” category (size increased by 18.5%). The
number of “+ + +” results is greater with the new thresholds but the number of “- - -” is lower.
Globally, the sum of the numbers of the + + + and - - - patterns has decreased (-34.8%).
Table 8. Evolution of patterns in Homologene intra-groups CC comparisons results
CC
. 
+ - - + + - or
+ - +
+ + + - + + - + - or
- - +
- - - Total using 0.5
thresholds
+ - - 250,826 25,089 948 0 0 0 276,863
+ + - or + - + 0 67,349 2,103 0 0 0 69,452
+ + + 0 0 1,237 0 0 0 1,237
- + + 0 0 104 2,746 0 0 2,850
- + - or - - + 0 2,292 90 1,191 19,956 0 23,529
- - - 118 196 34 69 470 369 1,256
Total using new
thresholds
250,944 94,926 4,516 4,006 20,426 369 T= 375,187
Numbers of pairs of genes changing from one pattern to another when considering our optimal
similarity and particularity thresholds instead of the default values of 0.5. After the change of
threshold, the most important transition consists in 25,089 results moving from the “+ - -” category
(size decreased by 9.4%) to the “+ + - or + - +” category (size increased by 36.7%). The number of
“+ + +” results is greater with the new thresholds but the number of “- - -” is lower. Globally, the sum
of the numbers of the + + + and - - - patterns has increased (+49%).
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Table 9. SV-based BP similarity and particularity measured between orthologs and
paralogs of the PPAR family
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Green cells contain similarity values greater than τS , red cells contain similarity values lower than τS ,
yellow cells contain values greater than τpar and blue cells contain values lower than τpar. All orthologs
have a “+ - -” pattern and some paralogs have a “- + -” or a “+ + -” pattern.
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Table 10. SV-based MF similarity and particularity measured between orthologs and
paralogs of the PPAR family
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Green cells contain similarity values greater than τS , red cells contain similarity values lower than τS ,
yellow cells contain values greater than τpar and blue cells contain values lower than τpar. All orthologs
have a “+ - -” pattern and some paralogs have a “+ + -” pattern.
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CHAPITRE 4. INTERPRE´TATION DES RE´SULTATS D’UNE MESURE
SE´MANTIQUE
3 Synthe`se
La de´finition de seuils de similarite´ pour diffe´rentes mesures couramment utilise´es per-
met d’identifier les produits de ge`nes similaires. Le seuil de´fini pour la me´thode de Wang
est utile pour identifier des orthologues intervenant dans les voies me´taboliques homo-
logues de diffe´rentes espe`ces comme similaires. D’apre`s les re´sultats obtenus a` partir
de la base de donne´es HomoloGene, la plupart des orthologues correctement annote´s
sont similaires. La de´finition du seuil de particularite´ permet de savoir si les fonctions
spe´cifiques a` un produit de ge`ne lorsqu’on le compare a` un produit de ge`ne similaire
d’une autre espe`ce sont anecdotiques ou importantes. Ces seuils nous permettent l’in-
terpre´tation des re´sultats obtenus lors de la comparaison inter-espe`ces syste´matique de
tous les produits de ge`nes d’une voie me´tabolique homologue.
CHAPITRE 5
COMPARAISON INTER-ESPE`CES DU ME´TABOLISME
DES LIPIDES
Dans ce chapitre, nous appliquons les mesures de similarite´ et particu-
larite´ pre´sente´es dans les chapitres pre´ce´dents aux ge`nes implique´s dans
le me´tabolisme des lipides chez l’Homme, la souris et la poule. Nous uti-
lisons les seuils de´finis dans le chapitre 4 pour interpre´ter les re´sultats
de ces comparaisons.
102
CHAPITRE 5. COMPARAISON INTER-ESPE`CES DU ME´TABOLISME DES
LIPIDES
Sommaire
1 Comparaison structurelle . . . . . . . . . . . . . . . . . . . . . 102
2 Comparaison fonctionnelle . . . . . . . . . . . . . . . . . . . . 109
2.1 Comparaison entre Homo sapiens et Mus musculus . . . . . . 109
2.1.1 Vue ge´ne´rale . . . . . . . . . . . . . . . . . . . . . . 110
2.1.2 Extrait des re´sultats . . . . . . . . . . . . . . . . . . 118
2.2 Comparaison entre Homo sapiens et Gallus gallus . . . . . . 121
2.2.1 Vue ge´ne´rale . . . . . . . . . . . . . . . . . . . . . . 121
2.2.2 Extrait des re´sultats . . . . . . . . . . . . . . . . . . 126
2.3 Interpre´tation . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
3 Biais et limites de la comparaison . . . . . . . . . . . . . . . 131
3.1 Structure des voies me´taboliques . . . . . . . . . . . . . . . . 131
3.2 Annotations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
3.2.1 Evidence codes . . . . . . . . . . . . . . . . . . . . . 132
3.2.2 Exhaustivite´ des annotations . . . . . . . . . . . . . 133
3.3 Comparaison de ge`nes par paires . . . . . . . . . . . . . . . . 133
4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
1 Comparaison structurelle d’une voie
me´tabolique entre 2 espe`ces
La me´thodologie de´crite dans les deux chapitres pre´ce´dents permet de comparer des
ge`nes sur la base de leurs annotations fonctionnelles. Les produits de ge`nes permettent
le fonctionnement des voies me´taboliques, notamment en catalysant les re´actions biochi-
miques. La comparaison inter-espe`ces de voies me´taboliques doit commencer par l’iden-
tification de re´actions communes aux espe`ces que l’on souhaite comparer. Ensuite, il est
possible de re´aliser la comparaison se´mantique des ge`nes implique´s dans ces re´actions.
Parmi les grandes bases de donne´es pre´sente´es dans le chapitre 2, Reactome fournit
les donne´es concernant le me´tabolisme d’une vingtaine d’espe`ces dont Homo sapiens,
Mus musculus et Gallus gallus, au format BioPAX v3 (un fichier RDF/OWL par espe`ce).
Ce format est un des standards principaux pour repre´senter les voies me´taboliques. Notre
approche repose sur ces donne´es, mais peut eˆtre applique´e a` d’autres sources que Reac-
tome puisqu’une e´tude re´cente a mis en e´vidence la comple´mentarite´ des bases de voies
me´taboliques [Soh et al., 2010].
La Figure 1 pre´sente la hierarchie des classes servant a` de´crire les voies me´taboliques
d’une espe`ce dans un fichier BioPAX de Reactome. Chaque classe est de´crite par des
proprie´te´s. Chaque instance de la classe “Pathway ” a ainsi une proprie´te´ “pathwayCom-
ponent” qui fait la liste de toutes les subdivisions d’une voie me´tabolique. Ces subdivisions
sont a` leur tour soit des instances de la classe “Pathway ”, soit des instances de la classe
“BiochemicalReaction”.
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FIGURE 1 – Hie´rarchie des classes pre´sentes dans un fichier BioPAX de Reactome. Le nombre
d’instances des diffe´rentes classes pour Mus musculus figure entre parenthe`ses a` coˆte´ du nom des
classes.
FIGURE 2 – L’instance “#BiochemicalReaction1014” de la classe “BiochemicalReaction” du fichier
concernant le me´tabolisme de Mus musculus issu de Reactome. Toutes les donne´es ont un identi-
fiant au sein du fichier permettant de naviguer entre les instances des diffe´rentes classes.
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Ainsi, chez Homo sapiens, le “Pathway ” ayant pour nom “Metabolism of lipids and
lipoproteins” a 12 “pathwayComponent” qui sont eux-meˆme des instances de la classe
“Pathway ”. Un de ces “Pathway ”est “Cholesterol biosynthesis” dont les 25 “pathwayCom-
ponent” sont tous des instances de “BiochemicalReaction”. Cette organisation permet de
de´crire finement une voie me´tabolique.
La Figure 2 montre les proprie´te´s de l’instance “#BiochemicalReaction1014” de Mus
musculus. Graˆce aux proprie´te´s, on sait que cette instance est nomme´e d’apre`s la re´action
qu’elle de´crit. En effet, la proprie´te´ “displayName” est :  2-acylglycerol + H2O→ glycerol
+ fatty acid . On sait que cette re´action est catalyse´e par une enzyme ayant pour code
EC 3.1.1.23 et on connaıˆt les mole´cules qui participent a` la re´action (“participant”) en
e´tant capable de distinguer les substrats (“left”) des produits (“right”). Seuls les identifiants
internes au fichier de Reactome repre´sentent ici les participants, leur description comple`te
e´tant disponible dans les instances correspondantes des sous-classes de “PhysicalEntity ”
(dans cet exemple, “SmallMolecule”, mais il peut e´galement s’agir de “Complex” et de
“Protein”).
Il est possible de repre´senter les instances liste´es dans la proprie´te´ “pathwayCom-
ponent” de l’instance nomme´e “Metabolism” sous la forme d’un graphe. En proce´dant
a` une expansion syste´matique de cette proprie´te´, on obtient le graphe complet du
me´tabolisme pour une espe`ce. L’instance “Metabolism” de Reactome rassemble les
me´canismes d’anabolisme (synthe`se) et de catabolisme (de´gradation) de´crits dans la
Figure 3.
FIGURE 3 – Instances de “Pathway ” attache´es a` “Metabolism” dans Reactome.
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La comparaison des fichiers de plusieurs espe`ces permet d’identifier les instances
communes et celles qui sont spe´cifiques d’une espe`ce. Cela permet la re´alisation de
graphes inter-espe`ces, comme celui pre´sente´ dans la Figure 4, qui repre´sente la compa-
raison structurelle des voies me´taboliques d’Homo sapiens et de Mus musculus classe´es
sous l’instance “Metabolism”.
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FIGURE 4 – Graphe complet de la comparaison structurelle du me´tabolisme de l’Homme et de la
souris. Les e´tapes communes sont en bleu, les e´tapes spe´cifiques a` l’Homme sont en vert et celles
spe´cifiques a` la souris en rouge.
Dans ce graphe, les nœuds centraux appartiennent a` la classe “Pathway ” et les feuilles
a` la classe “BiochemicalReaction”. On peut voir que sur la totalite´ du me´tabolisme, toutes
les instances des classes “Pathway ” sont communes a` l’Homme et a` la souris. En effet,
tous les nœuds sont bleus et seules une minorite´ de feuilles sont vertes (indiquant une
re´action de´crite seulement chez l’Homme) et encore moins sont rouges (indiquant une
re´action de´crite seulement chez la souris). Il n’est pas suprenant d’observer une structure
si proche entre le me´tabolisme de deux mammife`res. Cependant il faut garder a` l’esprit que
Reactome rassemble avant tout la connaissance sur les voies me´taboliques humaines,
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les donne´es disponibles pour les autres espe`ces e´tant produites par une infe´rence dont
le re´sultat est ve´rifie´ manuellement. Comme les donne´es d’annotations pre´sente´es et uti-
lise´es dans les chapitres pre´ce´dents, les donne´es qui de´crivent les voies me´taboliques
refle`tent la connaissance disponible. Le fait qu’une re´action apparaisse comme spe´cifique
a` une espe`ce ne veut pas ne´cessairement dire que celle-ci n’existe pas chez l’autre, mais
qu’on n’a pas connaissance de son existence.
Les Figures 5 et 6 de´taillent les points communs et diffe´rences dans la structure du
me´tabolisme des lipides respectivement chez Homo sapiens et Mus musculus et chez
Homo sapiens et Gallus gallus. Les nœuds pre´sents chez les deux espe`ces compare´es
sont en bleu, ceux spe´cifiques a` l’Homme en vert et ceux spe´cifique a` la souris ou a` la
poule, en rouge.
Dans les deux comparaisons, toutes les instances de “Pathway ” sont communes aux
deux espe`ces compare´es. Les diffe´rences que l’on observe sont au niveau des feuilles
(re´actions). L’Homme a plus de re´actions spe´cifiques que la souris et la poule.
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FIGURE 5 – Graphe de la comparaison structurelle du me´tabolisme des lipides de l’Homme et de la
souris. Les e´tapes communes sont en bleu, les e´tapes spe´cifiques a` l’Homme sont en vert et celles
spe´cifiques a` la souris en rouge.
1. COMPARAISON STRUCTURELLE 107
Alpha-oxidation of phytanate
Hormone-sensitive lipase (HSL)-mediated triacylglycerol hydrolysis
Mineralocorticoid biosynthesis
Synthesis of 12-eicosatetraenoic acid derivatives
Beta-oxidation of very long chain fatty acids
Acyl chain remodeling of CL
PI Metabolism
Hydrolysis of LPC
Synthesis of PIPs at the early endosome membrane
Beta-oxidation of pristanoyl-CoA
alpha-linolenic acid (ALA) metabolism
Fatty Acyl-CoA Biosynthesis
Linoleic acid (LA) metabolism
HDL-mediated lipid transport
Synthesis of PIPs at the Golgi membrane
Recycling of bile acids and salts
Vitamin D (calciferol) metabolism
PI and PC transport between ER and Golgi membranes
PPARA Activates Gene Expression
Arachidonic acid metabolism
mitochondrial fatty acid beta-oxidation of saturated fatty acids
Synthesis of PIPs at the plasma membrane
Import of palmitoyl-CoA into the mitochondrial matrix
Synthesis of Prostaglandins (PG) and Thromboxanes (TX)
Metabolism of steroid hormones and vitamin D
Synthesis of Lipoxins (LX)
Ubiquinol biosynthesis
Chylomicron-mediated lipid transport
Fatty acid, triacylglycerol, and ketone body metabolism
Pregnenolone biosynthesis
mitochondrial fatty acid beta-oxidation of unsaturated fatty acids
Metabolism of lipids and lipoproteins
Triglyceride Biosynthesis
Sphingolipid metabolism
Glycosphingolipid metabolism
Acyl chain remodelling of PG
Acyl chain remodelling of PE
Acyl chain remodelling of PC
Acyl chain remodelling of PI
Androgen biosynthesis
Acyl chain remodelling of PS
Synthesis of bile acids and bile salts
Synthesis of bile acids and bile salts via 24-hydroxycholesterol
LDL endocytosis
Plasmalogen biosynthesis
Glucocorticoid biosynthesis
Synthesis of PA
Synthesis of PC
Synthesis of PESynthesis of PG
Peroxisomal lipid metabolism
Synthesis of very long-chain fatty acyl-CoAs
Cholesterol biosynthesis
Synthesis of bile acids and bile salts via 27-hydroxycholesterol
Activation of Gene Expression by SREBP (SREBF) Synthesis of PIPs at the late endosome membrane
Synthesis of Leukotrienes (LT) and Eoxins (EX)
Digestion of dietary lipid
Sphingolipid de novo biosynthesis
Acyl chain remodeling of DAG an  TAG
Regulation of Cholesterol Biosynthesis by SREBP (SREBF)
Glycerophospholipid biosynthesis
Synthesis of bile acids and bile salts via 7alpha-hydroxycholesterol
FIGURE 6 – Graphe de la comparaison structurelle du me´tabolisme des lipides de l’Homme et de la
poule. Les e´tapes communes sont en bleu, les e´tapes spe´cifiques a` l’Homme sont en vert et celles
spe´cifiques a` la poule en rouge.
En effet, lorsque l’on compare l’Homme et la souris, on trouve 650 re´actions com-
munes, 119 re´actions spe´cifiques a` l’Homme et 17 re´actions spe´cifiques a` la souris.
Et lorsque l’on compare l’Homme et la poule, on trouve 556 re´actions communes, 233
re´actions spe´cifiques a` l’Homme et 4 re´actions spe´cifiques a` la poule.
Si l’on regarde en de´tail les 4 re´actions marque´es comme spe´cifiques de la poule,
on remarque qu’il s’agit vraisemblablement d’erreurs. En effet, dans la Figure 7, on peut
voir que deux de ces re´actions existent aussi au niveau de feuilles marque´es communes
via l’utilisation d’un synonyme : la  3-dehydrosphinganine  est aussi appele´e  3-
ketosphinganine . La troisie`me re´action marque´e comme spe´cifique a` la poule sur cette
figure diffe`re d’une re´action marque´e comme commune par le sens de la re´action. Le signe
“→” est utilise´ pour la feuille rouge alors que “” est pre´sent au niveau de la feuille bleue.
Ces trois feuilles marque´es comme spe´cifiques de la poule sont directement attache´es
au terme ge´ne´ral “Sphingolipid metabolism” alors que les feuilles marque´es comme com-
munes correspondantes de´pendent d’un niveau plus pre´cis : “Sphingolipid de novo bio-
synthesis”. Enfin, la Figure 8 montre que le nom de la dernie`re re´action marque´e comme
spe´cifique de la poule est une version plus ge´ne´rale du nom d’une re´action marque´e
comme spe´cifique de l’Homme. Il devrait donc ici aussi s’agir d’une re´action commune.
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FIGURE 7 – Re´actions marque´es a` tort comme spe´cifiques de la poule (1). Les feuilles rouges sont
spe´cifiques de la poule, mais les re´actions qu’elles repre´sentent existent e´galement au niveau de
feuilles bleues (communes).
FIGURE 8 – Re´action marque´e a` tort comme spe´cifique de la poule (2). La feuille rouge est
spe´cifique de la poule, mais la re´action qu’elle repre´sente existe e´galement au niveau d’une feuille
verte (spe´cifique de l’Homme). Par conse´quent, ces deux feuilles devraient eˆtre remplace´es par une
seule feuille bleue.
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2 Comparaison fonctionnelle du me´tabolisme
des lipides chez l’humain, la souris et la
poule
Parmi les proprie´te´s des instances de la classe “BiochemicalReaction”, Reactome
mentionne le code EC de l’enzyme qui catalyse la re´action. Il n’y a ge´ne´ralement qu’un
code EC associe´ a` une re´action, mais il est possible, bien que rare, d’avoir plusieurs en-
zymes implique´s dans une meˆme re´action. Une meˆme enzyme peut intervenir dans plu-
sieurs re´actions. Il est e´galement possible qu’une re´action soit spontane´e et ne ne´cessite
pas d’enzyme. Plusieurs produits de ge`nes sont souvent associe´s a` un code EC. Il s’agit
dans ce cas d’isozymes, c’est-a`-dire de produits de ge`nes diffe´rents catalysant une meˆme
re´action. Ce syste`me permet une meilleure plasticite´ du me´tabolisme, certaines isozymes
e´tant plus efficaces dans une condition donne´e ou dans un tissu particulier. Pour chaque
re´action classe´e comme commune a` l’e´tape de comparaison structurelle de´crite ci-dessus,
on peut donc e´tablir une liste de produit de ge`nes associe´s pour les 2 espe`ces a` comparer.
L’utilisation d’une mesure de similarite´ se´mantique et de notre mesure de particula-
rite´ se´mantique permet de comparer les ge`nes de deux espe`ces associe´s a` une meˆme
re´action biochimique. Puisqu’il s’agit d’une comparaison inter-espe`ces, nous avons choisi
d’appliquer la mesure de similarite´ de Wang et de baser notre mesure de particularite´ sur
la valeur se´mantique des termes GO qui annotent les ge`nes a` comparer.
Notre approche proce`de en deux temps. Premie`rement, la combinaison des me-
sures de similarite´ et de particularite´ dont l’inte´reˆt a e´te´ pre´sente´ dans le chapitre 3.
Deuxie`mement, l’utilisation des seuils de similarite´ et de particularite´ de´finis au chapitre 4
pour faciliter l’interpre´tation des re´sultats.
Nous pre´sentons ici les re´sultats obtenus par cette approche applique´e aux produits
de ge`nes qui interviennent dans les re´actions du me´tabolisme des lipides communes a`
l’Homme et la souris, ainsi qu’a` l’Homme et la poule. La repre´sentation des re´sultats de
la comparaison fonctionnelle sur les graphes de comparaison du me´tabolisme permet de
rassembler toute l’information apporte´e par une comparaison syste´matique de nombreux
produits de ge`nes en un seul graphe ge´ne´ral. Cela ne permet toutefois pas d’acce´der au
re´sultat pre´cis d’une comparaison. Les re´sultats complets des comparaisons auxquelles
nous avons proce´de´ sont trop volumineux pour eˆtre pre´sente´s ici dans leur inte´gralite´.
Ils sont disponibles a` cette adresse : http://www.bettembourg.fr/PhDocs. Les tables et
figures de cette section montrent par conse´quent des extraits des re´sultats de la compa-
raison des re´actions communes entre ces deux espe`ces.
2.1 Comparaison entre Homo sapiens et Mus musculus
Pour chaque re´action commune a` Homo sapiens et Mus musculus, nous avons
constitue´ un ensemble de termes GO par espe`ce rassemblant toutes les annotations des
ge`nes implique´s. Par exemple, la re´action “Formation of Malonyl-CoA from Acetyl-CoA
(liver)” peut eˆtre catalyse´e par l’Acetyl-CoA carboxylase 1 (ge`ne ACACA) ou 2 (ge`ne
ACACB) chez l’Homme et leurs orthologues chez la souris (ge`nes Acaca et Acacb). Pour
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cette re´action, nous avons constitue´ un ensemble de termes GO rassemblant toutes les
annotations des ge`nes humains ACACA et ACACB que nous avons compare´ a` l’ensemble
des termes GO rassemblant toutes les annotations des ge`nes murins Acaca et Acacb.
La Figure 9 re´sume les e´le´ments ne´cessaires a` obtenir depuis une base de donne´es
de voies me´taboliques (ici Reactome), une base de donne´es d’identifiants de produits de
ge`nes (ici UniProt) et une base de donne´es d’annotations (ici Gene Ontology Annotation)
en vue de mettre en œuvre les mesures de similarite´ et particularite´ se´mantiques.
FIGURE 9 – E´tapes de la collecte des donne´es en vue de la comparaison des voies me´taboliques
de deux espe`ces.
Sur les 650 re´actions du me´tabolisme des lipides communes entre Homo sapiens et
Mus musculus, on compte 289 re´actions dans lesquelles interviennent des produits de
ge`nes annote´s par des termes GO chez les deux espe`ces. Ces re´actions font intervenir
356 isozymes chez Homo sapiens et 311 chez Mus musculus.
2.1.1 Vue ge´ne´rale
La comparaison fonctionnelle pre´sente´e ici et la comparaison structurelle vue dans
la section pre´ce´dente ne sont pas incompatibles. En effet, les informations des mesures
de similarite´ et de particularite´ peuvent eˆtre figure´es sur un graphe de comparaison du
me´tabolisme. Cette repre´sentation a l’avantage de donner une vue ge´ne´rale sur la struc-
ture d’une voie me´tabolique tout en distinguant le niveau de similarite´ et/ou particularite´
des produits de ge`nes intervenant dans ses re´actions biochimiques.
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Ainsi, la Figure 10 pre´sente le re´sultat de la comparaison du me´tabolisme des lipides
chez Homo sapiens et Mus musculus, sur lequel la similarite´ se´mantique des re´actions
communes est repre´sente´e par un gradient du blanc (faible similarite´) au bleu (forte si-
milarite´). On y retrouve des informations tre`s proches de la comparaison structurelle.
Ne´amnmoins, l’utilisation d’une mesure de similarite´ qui est a pour re´sultat des valeurs
continues permet d’affiner l’analyse.
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FIGURE 10 – Graphe du me´tabolisme des lipides de l’Homme et de la souris. La couleur de chaque
nœud refle`te sa valeur de similarite´ se´mantique. Un nœud est bleu quand il s’agit d’une instance de
la classe “Pathway ” commune aux deux espe`ces. Plus la similarite´ entre les deux espe`ce est forte
pour une re´action donne´e, plus la feuille correspondante est bleue.
La Figure 11 reprend les parties des Figures 5 et 10 relatives notamment au
me´tabolisme des sphigolipides et des glycolipides. On remarque en particulier que
plusieurs re´actions qui sont structurellement identiques ont des degre´s de similarite´ qui
varient, alors qu’au contraire les re´actions relatives a` ”Sphingolipid de novo biosynthesis”
et a` ”Vitamin D metabolism” sont soit identiques, soit diffe´rentes.
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A B
FIGURE 11 – De´tail du graphe de la comparaison du me´tabolisme des lipides de l’Homme et de
la souris. La partie A pre´sente un de´tail de la Figure 5 qui montre la comparaison structurelle entre
l’Homme et la souris. La partie B pre´sente un de´tail de la Figure 10 qui montre la comparaison
fonctionnelle base´e sur la similarite´.
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FIGURE 12 – Graphe du me´tabolisme des lipides de l’Homme et de la souris. La couleur des
feuilles refle`te la valeur des triplets de similarite´ et de particularite´, dont chaque e´le´ment peut varier
de fac¸on continue entre 0 et 1. Le bleu refle`te une conservation de fonction entre les deux espe`ces,
le vert une particularite´ humaine et le rouge une particularite´ murine. Les situations avec une forte
similarite´ associe´e a` une forte particularite´ chez au moins une des espe`ces se traduisent donc par
des me´langes de couleurs comme bleu-vert ou violet (par exemple dans le quart infe´rieur gauche).
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De la meˆme fac¸on, il est possible de reporter sur le graphe de la comparaison du
me´tabolisme des lipides les informations apporte´es par nos triplets (similarite´, particularite´
humaine, particularite´ murine). Ainsi, les feuilles pour lesquelles nous avons obtenu un
triplet de valeurs de similarite´ et de particularite´s sont colore´es en fonction du re´sultat
dans la Figure 12. Pour chaque feuille ainsi colore´e, la valeur de similarite´ est refle´te´e par
la composante bleue, la particularite´ humaine par la composante verte et la particularite´
murine par la composante rouge. Plus la couleur d’une feuille tire vers le bleu, plus la
re´action qu’elle repre´sente est similaire entre les deux espe`ces, tandis qu’une dominante
verte ou rouge indique respectivement une particularite´ de l’Homme ou de la souris. Une
re´action ayant une similarite´ et des particularite´ moyennes sera refle´te´e par une feuille
grise.
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FIGURE 13 – Graphe du me´tabolisme des lipides de l’Homme et de la souris. La couleur des feuilles
refle`te le motif re´sultant de la comparaison. La correspondance motif - couleur est donne´e dans la
table 5.1.
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La Figure 13 discre´tise les variations de couleurs des feuilles en appliquant une cou-
leur par motif obtenu avec les triplets de re´sultat de nos mesures. La similarite´ est code´e
par le bleu. Une valeur supe´rieure au seuil de similarite´ a pour code RGB ****ff. La
particularite´ du premier e´le´ment est code´e par le vert. Une valeur supe´rieure au seuil de
particularite´ a pour code RGB **ff**. La particularite´ du second e´lement est code´e par
le rouge. Une valeur supe´rieure au seuil de particularite´ a pour code RGB : ff****. Le
motif +-- a donc pour code RGB 0000ff (bleu) et le motif ++- a pour code RGB 00ffff
(bleu-vert). La Table 5.1 fait la correspondance entre les motifs et les couleurs.
Motif Couleur
+ + + Blanc
+ + - Bleu-vert
+ - + Violet
+ - - Bleu
- + + Jaune
- + - Vert
- - + Rouge
- - - Noir
TABLE 5.1 – Correspondance entre les motifs re´sultant des mesures de similarite´ et particularite´ et
les couleurs des feuilles dans le graphe des figures 13 et 20.
La figure 14 montre un zoom sur la partie du graphe de comparaison du me´tabolisme
des lipides entre l’Homme et la souris relative au me´tabolisme des sphingolipides pour
chacune des e´tapes de la comparaison. Elle montre l’apport d’information apporte´e par
l’ajout successif des valeurs de similarite´, de particularite´ et la discre´tisation de ces deux
donne´es sur le graphe de structure. L’information de structure seule est tre`s limite´e, ne
mettant en e´vidence que l’absence de deux re´actions chez la souris. L’ajout du gradient
blanc-bleu de la similarite´ nuance ce re´sultat, faisant apparaıˆtre des re´actions pre´sentes
chez les deux espe`ces mais ayant des valeurs de similarite´ relativement faibles. L’ajout
de la couleur correspondant aux triplets compose´s d’une valeur de similarite´ et de deux
valeurs de particularite´ apporte le plus d’information parmi les quatre graphes pre´sente´s,
mais rend l’ensemble plus dur a` interpre´ter. La discre´tisation permet de simplifier cette
interpre´tation en classant les re´sultats en 8 cate´gories. Certaines des re´actions qui se
distinguaient par une couleur violette dans la biosynthe`se de novo des sphingolipides ap-
paraissent a` nouveau comme similaires sans particularite´ (+ - -) apre`s cette discre´tisation,
signifiant que les particularite´s mesure´es n’e´taient pas significatives. Une des re´actions
du me´tabolisme des glycosphingolipides se classe dans la cate´gorie - + +, refle´tant une
faible similarite´ pour une forte particularite´ chez chacune des deux espe`ces compare´es.
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FIGURE 14 – De´tail d’une sous-partie du me´tabolisme des lipides de hsa et mmu relative
au me´tabolisme des sphingolipides. Les quatre parties sont le re´sultat d’un zoom sur les fi-
gures 5, 10, 12 et 13. Elles montrent l’apport d’information apporte´e par l’ajout successif des valeurs
de similarite´, de particularite´ et la discre´tisation de ces deux donne´es sur le graphe de structure.
Les figures 15, 16 et 17 repre´sentent les valeurs de similarite´ et particularite´s me-
sure´es respectivement sur BP, MF et CC pour chacune des 289 re´actions du me´tabolisme
des lipides dans lesquelles interviennent des produits de ge`nes annote´s par des termes
GO chez Homo sapiens et Mus musculus. Les seuils de similarite´ (ligne horizontale bleue)
et particularite´ (ligne horizontale jaune) sont reporte´s sur ces histogrammes, permet-
tant d’identifier directement les diffe´rents motifs parmi les re´sultats. Nous avons identifie´
chaque re´action par un nume´ro qui figure en abscisse de ces histogrammes. Graˆce a` ce
type de repre´sentation, il est possible d’avoir une vue d’ensemble des valeurs de similarite´
et de particularite´ sur la totalite´ d’une grande voie me´tabolique tout en ayant la possibilite´
d’identifier une re´action dont le re´sultat de comparaison se de´marque par rapport au reste
des donne´es.
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FIGURE 15 – Histogramme des valeurs de similarite´ et particularite´s mesure´es sur BP pour cha-
cune des 289 re´actions du me´tabolisme des lipides dans lesquelles interviennent des produits de
ge`nes annote´s par des termes GO chez Homo sapiens et Mus musculus.
FIGURE 16 – Histogramme des valeurs de similarite´ et particularite´s mesure´es sur MF pour cha-
cune des 289 re´actions du me´tabolisme des lipides dans lesquelles interviennent des produits de
ge`nes annote´s par des termes GO chez Homo sapiens et Mus musculus.
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FIGURE 17 – Histogramme des valeurs de similarite´ et particularite´s mesure´es sur CC pour cha-
cune des 289 re´actions du me´tabolisme des lipides dans lesquelles interviennent des produits de
ge`nes annote´s par des termes GO chez Homo sapiens et Mus musculus.
La table 5.2 fait la synthe`se des diffe´rents motifs observe´s dans chaque branche de
GO. Les fonctions mole´culaires sont particulie`rement bien conserve´es entre Homo sa-
piens et Mus musculus. En effet tous les re´sultats des comparaisons de cette branche
se classent comme + - -. Les annotations concernant les composants cellulaires sont
e´galement bien conserve´es entre ces deux espe`ces. C’est au niveau des processus bio-
logiques qu’on observe le plus de cas de particularite´ e´leve´e pour l’humain tout en conser-
vant une importante similarite´ (26). La me´thode de comparaison de voies me´taboliques
nous permet ainsi d’identifier automatiquement les 30 re´actions parmi 289 (soit 10.4 %)
pre´sentant des particularite´s chez l’une ou l’autre des deux espe`ces sur BP et les 6
re´actions (2.1 %) dans le meˆme cas sur CC.
Motif BP MF CC
+ + + 0 0 0
+ + - 26 0 2
+ - + 2 0 2
+ - - 259 289 283
- + + 1 0 1
- + - 1 0 1
- - + 0 0 0
- - - 0 0 0
TABLE 5.2 – Re´partition des re´sultats de la comparaison du me´tabolisme des lipides chez Homo
sapiens et Mus musculus en motifs en fonction des valeurs de similarite´ et de particularite´.
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Les trois cas ou` la valeur de particularite´ pour la souris est supe´rieure au seuil de
particularite´ τpar au niveau de BP sont e´galement ceux ou` la particularite´ de´passe τpar
au niveau de CC. Il s’agit de deux re´actions du me´tabolisme des phospholipides catalyse´s
par les meˆmes enzymes et d’une re´action du me´tabolisme des sphingolipides. La table 5.3
donne l’extrait des re´sultats correspondant.
Index
237 250 260
BP
Sim 0.524 0.524 0.356
Par hsa 0 0 0.847
0.614 0.614 0.626
Motif + - + + - + - + +
MF
Sim 0.787 0.787 0.946
Par hsa 0 0 0.042
0.139 0.139 0
Motif + - - + - - + - -
CC
Sim 0.606 0.606 0.438
Par hsa 0.026 0.026 0.516
0.38 0.38 0.401
Motif + - + + - + - + +
Q96PE3, O15327 Q96PE3, O15327 P15289
Q6P1Y8, Q9EPW0 Q6P1Y8, Q9EPW0 P50428
Par mmu
Par mmu
Par mmu
Gènes hsa
Gènes mmu
TABLE 5.3 – Cas de forte particularite´ de la souris par rapport a` l’Homme. L’index n◦237 cor-
respond a` la re´action“PI(3,4)P2 is dephosphorylated to PI3P by INPP4A/B at the early endosome
membrane”. L’index n◦250 correspond a` la re´action “PI(3,4)P2 is dephosphorylated to PI3P by
INPP4A/B at the plasma membrane”. L’index n◦260 correspond a` la re´action “Arylsulfatase A hy-
drolyses sulfate from sulfatide to form cerebroside”. Q96PE3 et O15327 sont les Types I et II inositol
3,4-bisphosphate 4-phosphatase de l’Homme (ge`nes INPP4A et INPP4B) et Q9EPW0 et Q6P1Y8
sont leurs orthologues chez la souris. P15289 est l’Arylsulfatase A de l’Homme (ge`ne ARSA) et
P50428 son orthologue murin.
2.1.2 Extrait des re´sultats
Afin d’avoir un aperc¸u concret des re´sultats obtenus, nous avons se´lectionne´ une des
branches du me´tabolisme des lipides. La table 5.4 montre l’organisation du me´tabolisme
de l’acide arachidonique. La colonne de droite contient les re´actions biochimiques de cette
voie me´tabolique. Pour chacune de ces re´actions, nous avons calcule´ la similarite´ et la
particularite´ se´mantiques des ensembles de termes GO correspondant a` l’annotation des
ge`nes pre´sents pour chaque espe`ce.
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12R-HpETE is reduced to 12R-HETE by GPX1/2/4
12S-HpETE is reduced to 12S-HETE by GPX1/2/4
15S-HpETE is reduced to 15S-HETE by GPX1/2/4
5S-HpETE is reduced to 5S-HETE by GPX1/2/4
5S-HpETE is dehydrated to LTA4 by ALOX5
LTA4 is converted to LTC4 by LTC4S
LTA4 is hydrolyzed to LTB4
LTC4 is converted to LTD4 by GGT1/5
PGE2 is converted to PGF2a by CBR1
PGG2 is reduced to PGH2 by PTGS1
PGG2 is reduced to PGH2 by PTGS2
Synthesis of 12-eicosatetraenoic acid derivatives
Arachidonic acid is converted to 12-oxoETE by ALOX12
Arachidonic acid is oxidised to 12R-HpETE by ALOX12B
Arachidonic acid is oxidised to 12S-HpETE by ALOX12/15
Arachidonic acid is oxidised to 15R-HETE by Acetyl-PTGS2
Arachidonic acid is oxidised to 15S-HpETE by ALOX15/15B
Synthesis of 5-eicosatetraenoic acids
Synthesis of epoxy (EET) and dihydroxyeicosatrienoic acids (DHET) EET(1) is hydrolysed to DHET(1) by EPHX2
Synthesis of Leukotrienes (LT) and Eoxins (EX) LTB4 is hydroxylated to 20oh-LTB4 by CYP4F2/4F3
Oxidation of arachidonic acid to 5-HpETE
Synthesis of Lipoxins (LX) LXA4 is oxidised to 15k-LXA4 by HPGD
Arachidonic acid oxidised to PGG2
PGD2/E2/F2a is oxidised to 15k-PGD2/E2/F2a by HPGD
PGH2 is isomerised to PGD2 by HPGDS
PGH2 is isomerised to PGD2 by PTGDS
PGH2 is isomerised to PGE2 by PTGES
PGH2 is isomerised to PGI2 by PTGIS
PGH2 is isomerised to TXA2 by TBXAS1
Prostaglandin E synthase isomerizes PGH2 to PGE2
TABLE 5.4 – Organisation du me´tabolisme de l’acide arachidonique. Les deux premie`res colonnes
contiennent un nom d’embranchement de la voie me´tabolique de l’acide arachidonique. Chacun de
ces embranchement est figure´ par un nœud dans le graphe de la Figure 5. La colonne de droite
contient les re´actions biochimiques qui constituent les e´tapes de cette voie me´tabolique. Chacune
de ces re´actions est figure´e par une feuille dans le graphe de la Figure 5.
L’annotation est obtenue a` partir de la table Uniprot de GOA via les identifiants Uni-
prot qui correspondent pour chaque espe`ce au(x) code(s) EC trouve´(s) pour chaque
re´action[Dimmer et al., 2012]. La table 5.5 liste ces identifiants pour le me´tabolisme de
l’acide arachidonique.
Code EC
12R-HpETE is reduced to 12R-HETE by GPX1/2/4 1.11.1.9
12S-HpETE is reduced to 12S-HETE by GPX1/2/4 1.11.1.9
1.13.11.31 P18054, P16050 P39654, P39655, P55249
1.13.11.31 P18054, P16050 P39654, P39655, P55249
1.13.11.31 P18054, P16050 P39654, P39655, P55249
15S-HpETE is reduced to 15S-HETE by GPX1/2/4 1.11.1.9
1.13.11.33 P16050, O15296 P39654
1.13.11.33 P16050, O15296 P39654
5S-HpETE is reduced to 5S-HETE by GPX1/2/4 1.11.1.9
3.3.2.10 P34913 P34914
5S-HpETE is dehydrated to LTA4 by ALOX5 1.13.11.34 E5FPY5, E5FPY7, P09917, E5FPY8 P48999
LTA4 is converted to LTC4 by LTC4S 4.4.1.20 Q16873 Q60860
LTA4 is hydrolyzed to LTB4 3.3.2.6 P09960 P24527
1.14.13.30 P78329, Q08477 Q99N16, Q9EP75
LTC4 is converted to LTD4 by GGT1/5 2.3.2.2 Q6PDE7, Q60928, Q99JP7, Q9Z2A9
1.13.11.34 E5FPY5, E5FPY7, P09917, E5FPY8 P48999
1.1.1.141 P15428 Q8VCC1
1.14.99.1 Q9NNY7, Q6LCE7, P35354, D9MWI3, P23219 P22437, Q05769
1.1.1.141 P15428 Q8VCC1
PGE2 is converted to PGF2a by CBR1 1.1.1.189 P16152 P48758
PGG2 is reduced to PGH2 by PTGS1 1.11.1.7 Q16771, P11678, Q92626, P22079, A1KZ92 P49290, Q3UQ28
PGG2 is reduced to PGH2 by PTGS2 1.11.1.7 Q16771, P11678, Q92626, P22079, A1KZ92 P49290, Q3UQ28
5.3.99.2 O60760, P41222 O09114, Q9JHF7
5.3.99.2 O60760, P41222 O09114, Q9JHF7
5.3.99.3 Q15185, O14684, Q9H7Z7 Q8BWM0, Q9JM51, Q9R0Q7
5.3.99.4 Q6LEN0, Q6LEN2, Q16647 O35074
5.3.99.5 Q16843, P24557 P36423
5.3.99.3 Q15185, O14684, Q9H7Z7 Q8BWM0, Q9JM51, Q9R0Q7
Réaction Identifiants Uniprot des gènes hsa correspondants Identifiants Uniprot des gènes mmu correspondants
P59796, P18283, Q8TED1, P07203, Q96SL4,
P30041, O75715, P22352
O08709, P46412, Q9D7B7, Q9JHC0, P21765,
Q99LJ6, P11352, Q91WR8
P59796, P18283, Q8TED1, P07203, Q96SL4,
P30041, O75715, P22352
O08709, P46412, Q9D7B7, Q9JHC0, P21765,
Q99LJ6, P11352, Q91WR8
Arachidonic acid is converted to 12-oxoETE by ALOX12
Arachidonic acid is oxidised to 12R-HpETE by ALOX12B
Arachidonic acid is oxidised to 12S-HpETE by ALOX12/15
P59796, P18283, Q8TED1, P07203, Q96SL4,
P30041, O75715, P22352
O08709, P46412, Q9D7B7, Q9JHC0, P21765,
Q99LJ6, P11352, Q91WR8
Arachidonic acid is oxidised to 15R-HETE by Acetyl-PTGS2
Arachidonic acid is oxidised to 15S-HpETE by ALOX15/15B
P59796, P18283, Q8TED1, P07203, Q96SL4,
P30041, O75715, P22352
O08709, P46412, Q9D7B7, Q9JHC0, P21765,
Q99LJ6, P11352, Q91WR8
EET(1) is hydrolysed to DHET(1) by EPHX2
LTB4 is hydroxylated to 20oh-LTB4 by CYP4F2/4F3
Q9UJ14, O76032, A6NGU5, P36269, P36268,
O75693, Q6P531, P19440
Oxidation of arachidonic acid to 5-HpETE
LXA4 is oxidised to 15k-LXA4 by HPGD
Arachidonic acid oxidised to PGG2
PGD2/E2/F2a is oxidised to 15k-PGD2/E2/F2a by HPGD
PGH2 is isomerised to PGD2 by HPGDS
PGH2 is isomerised to PGD2 by PTGDS
PGH2 is isomerised to PGE2 by PTGES
PGH2 is isomerised to PGI2 by PTGIS
PGH2 is isomerised to TXA2 by TBXAS1
Prostaglandin E synthase isomerizes PGH2 to PGE2
TABLE 5.5 – Enzymes intervenant dans chaque re´action du me´tabolisme de l’acide arachidonique
chez Homo sapiens et Mus musculus. Certaines enzymes catalysent plusieurs re´actions.
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La table 5.6 donne les valeurs de similarite´ et de particularite´ mesure´es entre l’Homme
et la souris au niveau de chaque e´tape du me´tabolisme de l’acide arachidonique, ainsi
que le motif (ou “pattern”, terme utilise´ dans l’article du chapitre 4) correspondant. Le pre-
mier symbole du motif concerne la similarite´ entre les produits de ge`nes intervenant pour
chaque espe`ce dans la re´action, le deuxie`me et troisie`me correspondent aux particula-
rite´s respectives des produits de ge`nes de chaque espe`ce. Dans les re´actions “Arachi-
donic acid is oxidised to 15R-HETE by Acetyl-PTGS2”, “Arachidonic acid is oxidised to
15S-HpETE by ALOX15/15B” et “LTB4 is hydroxylated to 20oh-LTB4 by CYP4F2/4F3”,
on observe un motif + + - au niveau des processus biologiques. Parmi ces re´actions,
les deux premie`res sont catalyse´es par l’enzyme EC 1.13.11.33 (P16050, soit l’Arachido-
nate 15-lipoxygenase et O15296, soit l’Arachidonate 15-lipoxygenase B chez l’Homme et
P39654, soit l’Arachidonate 15-lipoxygenase chez la souris) et la troisie`me par l’enzyme
EC 1.14.13.30 (P78329, soit la Leukotriene-B(4) omega-hydroxylase 1 et Q08477, soit
la Leukotriene-B(4) omega-hydroxylase 2 chez l’Homme et Q99N16, soit la Leukotriene-
B(4) omega-hydroxylase 2 et Q9EP75, soit la Leukotriene-B4 omega-hydroxylase 3 chez
la souris). Les annotations de ces enzymes te´moignent donc de leurs implications dans
des processus biologiques supple´mentaires chez l’Homme comparativement a` la souris.
Toutes les autres comparaisons sur BP, ainsi que la totalite´ des comparaisons sur MF et
sur CC ont eu pour re´sultat une forte similarite´ sans particularite´ pour l’une ou l’autre des
espe`ces compare´es.
BP MF CC
Sim Par(hsa) Motif BP Sim Par(hsa) Motif MF Sim Par(hsa) Motif CC
12R-HpETE is reduced to 12R-HETE by GPX1/2/4 0.963 0.085 0.008 + - - 0.837 0.161 0 + - - 0.966 0 0 + - -
12S-HpETE is reduced to 12S-HETE by GPX1/2/4 0.963 0.085 0.008 + - - 0.837 0.161 0 + - - 0.966 0 0 + - -
0.956 0.019 0 + - - 0.909 0.047 0 + - - 0.957 0 0 + - -
0.956 0.019 0 + - - 0.909 0.047 0 + - - 0.957 0 0 + - -
0.956 0.019 0 + - - 0.909 0.047 0 + - - 0.957 0 0 + - -
15S-HpETE is reduced to 15S-HETE by GPX1/2/4 0.963 0.085 0.008 + - - 0.837 0.161 0 + - - 0.966 0 0 + - -
0.532 0.652 0 + + - 0.923 0.02 0.02 + - - 0.922 0 0 + - -
0.532 0.652 0 + + - 0.923 0.02 0.02 + - - 0.922 0 0 + - -
5S-HpETE is reduced to 5S-HETE by GPX1/2/4 0.963 0.085 0.008 + - - 0.837 0.161 0 + - - 0.966 0 0 + - -
0.739 0.354 0 + - - 0.966 0.065 0 + - - 0.956 0.004 0 + - -
5S-HpETE is dehydrated to LTA4 by ALOX5 0.956 0 0 + - - 1 0 0 + - - 0.945 0 0 + - -
LTA4 is converted to LTC4 by LTC4S 1 0 0 + - - 0.963 0.038 0 + - - 1 0 0 + - -
LTA4 is hydrolyzed to LTB4 0.869 0.094 0 + - - 1 0 0 + - - 0.836 0.072 0 + - -
0.4 0.804 0 + + - 0.825 0.25 0 + - - 0.868 0.182 0 + - -
LTC4 is converted to LTD4 by GGT1/5 0.875 0.03 0.105 + - - 0.852 0.19 0 + - - 0.74 0.168 0.062 + - -
0.956 0 0 + - - 1 0 0 + - - 0.945 0 0 + - -
0.99 0.02 0 + - - 0.878 0.128 0 + - - 0.836 0.072 0 + - -
0.985 0.02 0.007 + - - 1 0 0 + - - 0.882 0.046 0 + - -
0.99 0.02 0 + - - 0.878 0.128 0 + - - 0.836 0.072 0 + - -
PGE2 is converted to PGF2a by CBR1 1 0 0 + - - 0.933 0.054 0 + - - 1 0 0 + - -
PGG2 is reduced to PGH2 by PTGS1 0.875 0.247 0 + - - 0.843 0.29 0 + - - 0.943 0 0 + - -
PGG2 is reduced to PGH2 by PTGS2 0.875 0.247 0 + - - 0.843 0.29 0 + - - 0.943 0 0 + - -
0.846 0.142 0 + - - 1 0 0 + - - 0.974 0 0 + - -
0.846 0.142 0 + - - 1 0 0 + - - 0.974 0 0 + - -
0.959 0.091 0 + - - 0.98 0 0.015 + - - 0.945 0.018 0 + - -
0.975 0.011 0 + - - 0.951 0.033 0 + - - 1 0 0 + - -
0.643 0.143 0.4 + - - 1 0 0 + - - 1 0 0 + - -
0.959 0.091 0 + - - 0.98 0 0.015 + - - 0.945 0.018 0 + - -
Réaction Par(mmu) Par(mmu) Par(mmu)
Arachidonic acid is converted to 12-oxoETE by ALOX12
Arachidonic acid is oxidised to 12R-HpETE by ALOX12B
Arachidonic acid is oxidised to 12S-HpETE by ALOX12/15
Arachidonic acid is oxidised to 15R-HETE by Acetyl-PTGS2
Arachidonic acid is oxidised to 15S-HpETE by ALOX15/15B
EET(1) is hydrolysed to DHET(1) by EPHX2
LTB4 is hydroxylated to 20oh-LTB4 by CYP4F2/4F3
Oxidation of arachidonic acid to 5-HpETE
LXA4 is oxidised to 15k-LXA4 by HPGD
Arachidonic acid oxidised to PGG2
PGD2/E2/F2a is oxidised to 15k-PGD2/E2/F2a by HPGD
PGH2 is isomerised to PGD2 by HPGDS
PGH2 is isomerised to PGD2 by PTGDS
PGH2 is isomerised to PGE2 by PTGES
PGH2 is isomerised to PGI2 by PTGIS
PGH2 is isomerised to TXA2 by TBXAS1
Prostaglandin E synthase isomerizes PGH2 to PGE2
TABLE 5.6 – Valeurs de similarite´ et de particularite´ se´mantiques mesure´es sur BP, MF et CC pour
chaque e´tape du me´tabolisme de l’acide arachidonique entre Homo sapiens et Mus musculus. Les
motifs correspondants sont indique´s.
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2.2 Comparaison entre Homo sapiens et Gallus gallus
Nous avons compare´ le me´tabolisme des lipides chez Homo sapiens et Gallus gal-
lus de la meˆme fac¸on, en mesurant la similarite´ et la particularite´ se´mantiques des en-
sembles d’annotations des produits de ge`nes implique´s dans chaque re´action commune
aux deux espe`ces. Sur les 556 re´actions du me´tabolisme des lipides communes entre
Homo sapiens et Gallus gallus, on compte 216 re´actions dans lesquelles interviennent
des produits de ge`nes annote´s par des termes GO chez les deux espe`ces. Ces re´actions
font intervenir 282 isozymes chez Homo sapiens et 108 chez Gallus gallus.
2.2.1 Vue ge´ne´rale
La Figure 18 pre´sente le re´sultat de la comparaison du me´tabolisme des lipides chez
Homo sapiens et Gallus gallus, sur laquelle la similarite´ se´mantique des re´actions com-
munes est repre´sente´e par un gradient du blanc (faible similarite´) au bleu (forte similarite´).
Alpha-oxidation of phytanate
Hormone-sensitive lipase (HSL)-mediated triacylglycerol hydrolysis
Mineralocorticoid biosynthesis
Synthesis of 12-eicosatetraenoic acid derivatives
Beta-oxidation of very long chain fatty acids
Acyl chain remodeling of CL
PI Metabolism
Hydrolysis of LPC
Synthesis of PIPs at the early endosome membrane
Beta-oxidation of pristanoyl-CoA
alpha-linolenic acid (ALA) metabolism
Fatty Acyl-CoA Biosynthesis
Linoleic acid (LA) metabolism
HDL-mediated lipid transport
Synthesis of PIPs at the Golgi membrane
Recycling of bile acids and salts
Vitamin D (calciferol) metabolism
PI and PC transport between ER and Golgi membranes
PPARA Activates Gene Expression
Arachidonic acid metabolism
mitochondrial fatty acid beta-oxidation of saturated fatty acids
Synthesis of PIPs at the plasma membrane
Import of palmitoyl-CoA into the mitochondrial matrix
Synthesis of Prostaglandins (PG) and Thromboxanes (TX)
Metabolism of steroid hormones and vitamin D
Synthesis of Lipoxins (LX)
Ubiquinol biosynthesis
Chylomicron-mediated lipid transport
Fatty acid, triacylglycerol, and ketone body metabolism
Pregnenolone biosynthesis
mitochondrial fatty acid beta-oxidation of unsaturated fatty acids
Metabolism of lipids and lipoproteins
Triglyceride Biosynthesis
Sphingolipid metabolism
Glycosphingolipid metabolism
Acyl chain remodelling of PG
Acyl chain remodelling of PE
Acyl chain remodelling of PC
Acyl chain remodelling of PI
Androgen biosynthesis
Acyl chain remodelling of PS
Synthesis of bile acids and bile salts
Synthesis of bile acids and bile salts via 24-hydroxycholesterol
LDL endocytosis
Plasmalogen biosynthesis
Glucocorticoid biosynthesis
Synthesis of PA
Synthesis of PC
Synthesis of PESynthesis of PG
Peroxisomal lipid metabolism
Synthesis of very long-chain fatty acyl-CoAs
Cholesterol biosynthesis
Synthesis of bile acids and bile salts via 27-hydroxycholesterol
Activation of Gene Expression by SREBP (SREBF) Synthesis of PIPs at the late endosome membrane
Synthesis of Leukotrienes (LT) and Eoxins (EX)
Digestion of dietary lipid
Sphingolipid de novo biosynthesis
Acyl chain remodeling of DAG an  TAG
Regulation of Cholesterol Biosynthesis by SREBP (SREBF)
Glycerophospholipid biosynthesis
Synthesis of bile acids and bile salts via 7alpha-hydroxycholesterol
FIGURE 18 – Graphe du me´tabolisme des lipides de l’Homme et de la poule. La couleur de chaque
nœud refle`te sa valeur de similarite´ se´mantique. Un nœud est bleu quand il s’agit d’une instance de
la classe “Pathway ” commune aux deux espe`ces. Plus la similarite´ entre les deux espe`ce est forte
pour une re´action donne´e, plus la feuille correspondante est bleue.
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La Figure 19 reprend la comparaison structurelle du me´tabolisme des lipides entre
l’Homme et la poule en colorant les feuilles pour lesquelles nous avons obtenu un triplet
de valeurs de similarite´ et de particularite´s en fonction de ce triplet. Pour chaque feuille
ainsi colore´e, la valeur de similarite´ est refle´te´e par la composante bleue, la particularite´
humaine par la composante verte et la particularite´ de la poule par la composante rouge.
Ainsi, plus la couleur d’une feuille tire vers le bleu, plus la re´action qu’elle repre´sente est
similaire entre les deux espe`ces, tandis qu’une dominante verte ou rouge indique respec-
tivement une particularite´ de l’Homme ou de la poule. Une re´action ayant une similarite´ et
des particularite´s moyennes sera refle´te´e par une feuille grise.
Alpha-oxidation of phytanate
Hormone-sensitive lipase (HSL)-mediated triacylglycerol hydrolysis
Mineralocorticoid biosynthesis
Beta-oxidation of very long chain fatty acids
Acyl chain remodeling of CL
PI Metabolism
Synthesis of PIPs at the early endosome membrane
Beta-oxidation of pristanoyl-CoA
alpha-linolenic acid (ALA) metabolism
Fatty Acyl-CoA Biosynthesis
Linoleic acid (LA) metabolism
HDL-mediated lipid transport
Synthesis of PIPs at the Golgi membrane
Recycling of bile acids and salts
Vitamin D (calciferol) metabolism
PPARA Activates Gene Expression
Arachidonic acid metabolism
mitochondrial fatty acid beta-oxidation of saturated fatty acids
Synthesis of PIPs at the plasma membrane
Synthesis of Prostaglandins (PG) and Thromboxanes (TX)
Metabolism of steroid hormones and vitamin DUbiquinol biosynthesis
Chylomicron-mediated lipid transport
Fatty acid, triacylglycerol, and ketone body metabolism
Pregnenolone biosynthesis
mitochondrial fatty acid beta-oxidation of unsaturated fatty acids
Metabolism of lipids and lipoproteins
Triglyceride Biosynthesis
Sphingolipid metabolism
Glycosphingolipid metabolism
Acyl chain remodelling of PG
Acyl chain remodelling of PE
Acyl chain remodelling of PC
Acyl chain remodelling of PI
Androgen biosynthesis
Acyl chain remodelling of PS
Synthesis of bile acids and bile salts via 24-hydroxycholesterol
LDL endocytosis
Plasmalogen biosynthesis
Glucocorticoid biosynthesis
Synthesis of PA
Synthesis of PC
Synthesis of PE
Peroxisomal lipid metabolism
Synthesis of very long-chain fatty acyl-CoAs
Cholesterol biosynthesis
Synthesis of bile acids and bile salts via 27-hydroxycholesterol
Activation of Gene Expression by SREBP (SREBF) Synthesis of PIPs at the late endosome membrane
Synthesis of Leukotrienes (LT) and Eoxins (EX)
Digestion of dietary lipid
Sphingolipid de novo biosynthesis
Acyl chain remodeling of DAG an  TAG
Regulation of Cholesterol Biosynthesis by SREBP (SREBF)
Glycerophospholipid biosynthesis
Synthesis of bile acids and bile salts via 7alpha-hydroxycholesterol
FIGURE 19 – Graphe du me´tabolisme des lipides de l’Homme et de la poule. La couleur des feuilles
refle`te la valeur des triplets de similarite´ et particularite´s. Le bleu refle`te une conservation de fonction
entre les deux espe`ces, le vert une particularite´ humaine et le rouge une particularite´ de la poule.
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La Figure 20 discre´tise les variations de couleurs des feuilles en appliquant une cou-
leur par motif obtenu avec les triplets re´sultant de nos mesures. La Table 5.1 fait la corres-
pondance entre les motifs et les couleurs.
Alpha-oxidation of phytanate
Hormone-sensitive lipase (HSL)-mediated triacylglycerol hydrolysis
Mineralocorticoid biosynthesis
Beta-oxidation of very long chain fatty acids
Acyl chain remodeling of CL
PI Metabolism
Hydrolysis of LPC
Beta-oxidation of pristanoyl-CoA
alpha-linolenic acid (ALA) metabolism
Fatty Acyl-CoA Biosynthesis
Linoleic acid (LA) metabolism
HDL-mediated lipid transport
Synthesis of PIPs at the Golgi membrane
Recycling of bile acids and salts
Vitamin D (calciferol) metabolism
PPARA Activates Gene Expression
Arachidonic acid metabolism
mitochondrial fatty acid beta-oxidation of saturated fatty acids Synthesis of PIPs at the plasma membrane
Synthesis of PIPs at the early endosome membrane
Synthesis of Prostaglandins (PG) and Thromboxanes (TX)
Metabolism of steroid hormones and vitamin D
Digestion of dietary lipid
Ubiquinol biosynthesis
Chylomicron-mediated lipid transport
Fatty acid, triacylglycerol, and ketone body metabolism
Pregnenolone biosynthesis
mitochondrial fatty acid beta-oxidation of unsaturated fatty acids
Metabolism of lipids and lipoproteins
Triglyceride Biosynthesis
Glycosphingolipid metabolism
Acyl chain remodelling of PG
Acyl chain remodelling of PE
Acyl chain remodelling of PCAcyl chain remodelling of PI
Androgen biosynthesis
Acyl chain remodelling of PS
Synthesis of bile acids and bile salts via 24-hydroxycholesterolLDL endocytosis
Plasmalogen biosynthesisGlucocorticoid biosynthesis
Synthesis of PA
Synthesis of PC
Synthesis of PE
Synthesis of PG
Peroxisomal lipid metabolism
Synthesis of very long-chain fatty acyl-CoAs
Cholesterol biosynthesis
Synthesis of bile acids and bile salts via 27-hydroxycholesterol
Activation of Gene Expression by SREBP (SREBF)
Synthesis of PIP  at the late endosome membrane
Synthesis of Leukotrienes (LT) and Eoxins (EX)
Sphingolipid de novo biosynthesis
Acyl chain remodeling of DAG and TAG
Regulation of Cholesterol Biosynthesis by SREBP (SREBF)
Glycerophospholipid biosynthesis
Synthesis of bile acids and bile salts via 7alpha-hydroxycholesterol
FIGURE 20 – Graphe du me´tabolisme des lipides de l’Homme et de la poule. La couleur des feuilles
refle`te le motif re´sultant de la comparaison. La correspondance motif - couleur est donne´e dans la
table 5.1.
Les figures 21, 22 et 23 repre´sentent les valeurs de similarite´ et particularite´s me-
sure´es respectivement sur BP, MF et CC pour chacune des 216 re´actions du me´tabolisme
des lipides dans lesquelles interviennent des produits de ge`nes annote´s par des termes
GO chez Homo sapiens et Gallus gallus. Les seuils de similarite´ (ligne horizontale bleue)
et particularite´ (ligne horizontale jaune) sont reporte´s sur ces histogrammes, permet-
tant d’identifier directement les diffe´rents motifs parmi les re´sultats. Nous avons identifie´
chaque re´action par un nume´ro qui figure en abscisse de ces histogrammes.
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FIGURE 21 – Histogramme des valeurs de similarite´ et particularite´s mesure´es sur BP pour le
me´tabolisme des lipides chez l’Homme et la poule.
FIGURE 22 – Histogramme des valeurs de similarite´ et particularite´s mesure´es sur MF pour le
me´tabolisme des lipides chez l’Homme et la poule.
FIGURE 23 – Histogramme des valeurs de similarite´ et particularite´s mesure´es sur CC pour le
me´tabolisme des lipides chez l’Homme et la poule.
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La table 5.7 fait la synthe`se des diffe´rents motifs observe´s dans chaque branche de
GO. Comme pour la comparaison entre l’Homme et la souris, les annotations relatives aux
fonctions mole´culaires sont les mieux conserve´es entre Homo sapiens et Gallus gallus.
Par contre, alors que les valeurs de similarite´s en dessous du seuil e´taient rares lors de la
comparaison pre´ce´dente, elles sont tre`s fre´quentes ici sur BP et CC, majoritairement dans
des motifs - + -. Seuls six cas de valeur de particularite´ supe´rieure au seuil pour la poule
ont e´te´ mesure´s (trois sur BP, un sur MF et deux sur CC).
Motif BP MF CC
+ + + 0 0 0
+ + - 49 49 83
+ - + 0 0 0
+ - - 61 154 51
- + + 2 1 2
- + - 103 12 80
- - + 1 0 0
- - - 0 0 0
TABLE 5.7 – Re´partition des re´sultats de la comparaison du me´tabolisme des lipides chez Homo
sapiens et Gallus gallus en motifs en fonction des valeurs de similarite´ et de particularite´.
Les cas ou` la valeur de particularite´ pour la poule est supe´rieure au seuil de particu-
larite´ τpar concernent une re´action du me´tabolisme lipidique du peroxysome, une re´action
du me´tabolisme des phospholipides et une re´action du me´tabolisme des sphingolipides.
La table 5.8 donne l’extrait des re´sultats correspondant.
Index
106 164 191
BP
Sim 0.178 0.184 0.356
Par hsa 0.88 0.458 0.847
0.686 0.854 0.626
Motif - + + - - + - + +
MF
Sim 0.695 0.108 0.915
Par hsa 0.258 0.544 0.085
0 0.877 0
Motif + - - - + + + - -
CC
Sim 0.624 0.346 0.173
Par hsa 0.302 0.338 0.86
0.186 0.355 0.639
Motif + - - - + + - + +
Q9UKG9 Q99447 P15289
E1BRU9 F1NC39 F1NWF7
Par gga
Par gga
Par gga
Gènes hsa
Gènes mmu
TABLE 5.8 – Cas de forte particularite´ de la poule par rapport a` l’Homme. L’index n◦106 correspond
a` la re´action“4,8-dimethylnonanoyl-CoA + carnitine → 4,8-dimethylnonanoylcarnitine + CoASH”.
L’index n◦164 correspond a` la re´action “PETA and CTP are condensed to CDP-ETA by PCY2”.
L’index n◦191 correspond a` la re´action “Arylsulfatase A hydrolyses sulfate from sulfatide to form ce-
rebroside”. Q9UKG9 est la Peroxisomal carnitine O-octanoyltransferase de l’Homme (ge`ne CROT).
Q99447 est la Ethanolamine-phosphate cytidylyltransferase de l’Homme (ge`ne PCYT2). P15289 est
l’Arylsulfatase A de l’Homme (ge`ne ARSA). Les trois identifiants E1BRU9, F1NC39 et F1NWF7 cor-
respondent chacun a` une “Uncharacterized protein”. E1BRU9 pre´sente des similarite´s de se´quences
avec la famille des carnitine/choline acetyltransferases. Le symbole du ge`ne codant pour F1NC39
est PCYT2, le meˆme que celui codant pour le ge`ne humain Q99447 implique´ dans la meˆme re´action.
Le symbole du ge`ne codant pour F1NWF7 est ARSA, le meˆme que celui codant pour le ge`ne humain
P15289 implique´ dans la meˆme re´action.
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2.2.2 Extrait des re´sultats
Afin d’avoir un aperc¸u concret des re´sultats obtenus, nous avons se´lectionne´ une des
branches du me´tabolisme des lipides. La table 5.9 montre l’organisation du me´tabolisme
des acides gras, des triglyce´rides et des corps ce´toniques. Cette table ne contient que
les re´ations pour lesquelles une enzyme annote´e chez les deux espe`ces a e´te´ trouve´e. La
colonne de droite contient les re´actions biochimiques de cette voie me´tabolique. Pour cha-
cune de ces re´actions, nous avons calcule´ la similarite´ et la particularite´ se´mantiques des
ensembles de termes GO correspondant a` l’annotation des ge`nes pre´sents pour chaque
espe`ce.
L’annotation est obtenue a` partir de la table Uniprot de GOA via les identifiants Uni-
prot qui correspondent pour chaque espe`ce au(x) code(s) EC trouve´(s) pour chaque
re´action[Dimmer et al., 2012]. La table 5.10 liste ces identifiants pour le me´tabolisme des
acides gras, des triglyce´rides et des corps ce´toniques.
La table 5.11 donne les valeurs de similarite´ et de particularite´ mesure´es entre
l’Homme et la poule au niveau de chaque e´tape du me´tabolisme des acides gras,
des triglyce´rides et des corps ce´toniques, ainsi que le motif correspondant. Aucune
particularite´ pour Gallus gallus n’a pu eˆtre mise en e´vidence dans cet extrait des re´sultats
de la comparaison du me´tabolisme des lipides entre l’Homme et la poule quelle que soit
la branche de GO conside´re´e. Les annotations de la branche “Molecular functions” sont
les mieux conserve´es entre les deux espe`ces. Sur les 36 comparaisons de la table 5.11,
28 forment un motif + - - pour MF, contre seulement 6 pour CC et 5 pour BP. Les motifs
les plus fre´quents sur BP sont - + - (17) et + + - (14). Le motif le plus fre´quent sur CC est
+ + - (27).
Ketone body metabolism
Synthesis of Ketone Bodies
Conversion of Glycerol to Glycerol-3-phosphate
Gly-3-P+FAD->DHAP+FADH2 (catalyzed by mitochondrial Gly-Phos dehydrogenase)
Import of palmitoyl-CoA into the mitochondrial matrix
CPT1 converts palmitoyl-CoA to palmitoyl carnitine
CPT2 converts palmitoyl carnitine to palmitoyl-CoA
Formation of Malonyl-CoA from Acetyl-CoA (muscle)
Ketone body catabolism acetoacetyl-CoA + CoA <=> 2 acetyl-CoAD-beta hydroxybutyrate+NAD+ <=> acetoacetate+NADH+H+
2 acetyl-CoA <=> acetoacetyl-CoA + CoA
acetoacetyl-CoA+acetyl-CoA => HMG-CoA + CoASH
HMG CoA => acetoacetic acid + acetyl CoA
Reduction of Acetoacetate to beta-Hydroxybutyrate
Mitochondrial Fatty Acid Beta-Oxidation
mitochondrial fatty acid beta-oxidation of
saturated fatty acids
Beta oxidation of butanoyl-CoA to acetyl-CoA (S)-Hydroxybutanoyl-CoA+NAD<=>Acetoacetyl-CoA+NADH+H
Beta oxidation of decanoyl-CoA to octanoyl-CoA-CoA (S)-Hydroxydecanoyl-CoA+NAD<=>3-Oxodecanoyl-CoA+NADH+H
Beta oxidation of hexanoyl-CoA to butanoyl-CoA (S)-Hydroxyhexanoyl-CoA+NAD<=>3-Oxohexanoyl-CoA+NADH+H
Beta oxidation of lauroyl-CoA to decanoyl-CoA-CoA (S)-3-Hydroxydodecanoyl-CoA+NAD<=>3-Oxododecanoyl-CoA+NADH+H
Beta oxidation of myristoyl-CoA to lauroyl-CoA (S)-3-Hydroxytetradecanoyl-CoA+NAD<=>3-Oxotetradecanoyl-CoA+NADH+Htrans-Tetradec-2-enoyl-CoA+H2O<=>(S)-3-Hydroxytetradecanoyl-CoA
Beta oxidation of octanoyl-CoA to hexanoyl-CoA (S)-Hydroxyoctanoyl-CoA+NAD<=>3-Oxooctanoyl-CoA+NADH+H
Beta oxidation of palmitoyl-CoA to myristoyl-CoA (S)-3-Hydroxyhexadecanoyl-CoA+NAD<=>3-Oxopalmitoyl-CoA+NADH+Htrans-Hexadec-2-enoyl-CoA+H2O<=>(S)-3-Hydroxyhexadecanoyl-CoA
mitochondrial fatty acid beta-oxidation of unsaturated fatty acids
Isomerization of cis,cis-3,6-Dodecadienoyl-CoA to form trans,cis-Lauro-2,6-dienoyl-CoA
Removal of 2 Carbon atoms from trans,cis-Lauro-2,6-dienoyl-CoA to form 4-cis-decenoyl-CoA
Removal of six carbons from Linoleoyl-CoA to form cis,cis-3,6- Dodecadienoyl-CoA
Propionyl-CoA catabolism D-methylmalonyl-CoA <=> L-methylmalonyl-CoAMUT isomerises L-MM-CoA to SUCC-CoA
Conversion of glycerol-3-phosphate to lysophosphatidic acid
Conversion of Phosphatidic Acid to Diacylglycerol
Conversion of malonyl-CoA and acetyl-CoA to palmitate
Formation of Malonyl-CoA from Acetyl-CoA (liver)
Generation of Cytoplasmic Acetyl CoA from Citrate
3-oxooctadecanoyl-CoA (3-oxostearoyl-CoA) + NADPH + H+ => 3-hydroxyoctadecanoyl-CoA + NADP+
arachidonate + CoASH + ATP => arachidonoyl-CoA + AMP + pyrophosphate + H2O [ACSL4]
Conversion of palmitic acid to palmitoyl-CoA
palmitate + CoASH + ATP => palmitoyl-CoA + AMP + pyrophosphate + H2O [ACSL3]
palmitate + CoASH + ATP => palmitoyl-CoA + AMP + pyrophosphate + H2O [ACSL5]
palmitate + CoASH + ATP => palmitoyl-CoA + AMP + pyrophosphate + H2O [ACSL6]
TABLE 5.9 – Organisation du me´tabolisme des acides gras, des triglyce´rides et des corps
ce´toniques. Les deux premie`res colonnes contiennent un nom d’embranchement de cette voie
me´tabolique. Chacun de ces embranchement est figure´ par un nœud dans le graphe de la Figure 6.
La colonne de droite contient les re´actions biochimiques qui constituent les e´tapes de cette voie
me´tabolique. Chacune de ces re´actions est figure´e par une feuille dans le graphe de la Figure 6.
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Codes EC
1.1.99.5, 1.1.5.3 P43304 F1NCA2
2.3.1.21 P23786, Q8TCG5, P50416, Q92523 Q2PP41, Q6B842
2.3.1.21 P23786, Q8TCG5, P50416, Q92523 Q2PP41, Q6B842
6.4.1.2 Q13085, O00763 Q5MB12, P11029
2.3.1.9 Q9BWD1, P24752 E1C0Q5
1.1.1.30 Q02338, Q9BUT1 Q5ZJZ5
2.3.1.9 Q9BWD1, P24752 E1C0Q5
2.3.3.10 P54868, Q01581 P23228
4.1.3.4 P35914, Q8TB92 P35915
1.1.1.30 Q02338, Q9BUT1 Q5ZJZ5
1.1.1.35 Q16836, Q08426, Q99714 E1BZH9
1.1.1.35 Q16836, Q08426, Q99714 E1BZH9
1.1.1.35 Q16836, Q08426, Q99714 E1BZH9
1.1.1.35 Q16836, Q08426, Q99714 E1BZH9
1.1.1.35 Q16836, Q08426, Q99714 E1BZH9
4.2.1.17 P30084, P40939, Q08426 E1C1T9
1.1.1.35 Q16836, Q08426, Q99714 E1BZH9
1.1.1.35 Q16836, Q08426, Q99714 E1BZH9
4.2.1.17 P30084, P40939, Q08426 E1C1T9
5.3.3.8 P42126, O75521, Q08426 E1BW06
2.3.1.155, 1.3.99.3, 1.1.1.35, 4.2.1.17 Q16836, P40939, Q08426, P30084, Q99714 E1C1T9, E1BZH9
2.3.1.155, 1.3.99.3, 1.1.1.35, 4.2.1.17 Q16836, P40939, Q08426, P30084, Q99714 E1C1T9, E1BZH9
5.1.99.1 Q96PE7 E1BSK7
5.4.99.2 P22033 E1BY22
Conversion of Glycerol to Glycerol-3-phosphate 2.7.1.30 Q14410, Q6ZS86, Q14409, P32189 Q5ZMJ4
2.3.1.15 Q86UL3, Q9HCL2, Q6NUI2, Q53EU6 Q5ZLL8
3.1.3.4 F1NLF4
2.3.1.85 P49327 P12276
6.4.1.2 Q13085, O00763 Q5MB12, P11029
2.3.3.8 P53396 F1P269
1.1.1.211 P40939 F1NI29
6.2.1.3 Q5ZKR7
6.2.1.3 Q5ZKR7
6.2.1.3 Q5ZKR7
6.2.1.3 Q5ZKR7
6.2.1.3 Q5ZKR7
Réaction Identifiants Uniprot des gènes hsa correspondants Identifiants Uniprot desgènes gga correspondants
Gly-3-P+FAD->DHAP+FADH2 (catalyzed by mitochondrial Gly-Phos dehydrogenase)
CPT1 converts palmitoyl-CoA to palmitoyl carnitine
CPT2 converts palmitoyl carnitine to palmitoyl-CoA
Formation of Malonyl-CoA from Acetyl-CoA (muscle)
acetoacetyl-CoA + CoA <=> 2 acetyl-CoA
D-beta hydroxybutyrate+NAD+ <=> acetoacetate+NADH+H+
2 acetyl-CoA <=> acetoacetyl-CoA + CoA
acetoacetyl-CoA+acetyl-CoA => HMG-CoA + CoASH
HMG CoA => acetoacetic acid + acetyl CoA
Reduction of Acetoacetate to beta-Hydroxybutyrate
(S)-Hydroxybutanoyl-CoA+NAD<=>Acetoacetyl-CoA+NADH+H
(S)-Hydroxydecanoyl-CoA+NAD<=>3-Oxodecanoyl-CoA+NADH+H
(S)-Hydroxyhexanoyl-CoA+NAD<=>3-Oxohexanoyl-CoA+NADH+H
(S)-3-Hydroxydodecanoyl-CoA+NAD<=>3-Oxododecanoyl-CoA+NADH+H
(S)-3-Hydroxytetradecanoyl-CoA+NAD<=>3-Oxotetradecanoyl-CoA+NADH+H
trans-Tetradec-2-enoyl-CoA+H2O<=>(S)-3-Hydroxytetradecanoyl-CoA
(S)-Hydroxyoctanoyl-CoA+NAD<=>3-Oxooctanoyl-CoA+NADH+H
(S)-3-Hydroxyhexadecanoyl-CoA+NAD<=>3-Oxopalmitoyl-CoA+NADH+H
trans-Hexadec-2-enoyl-CoA+H2O<=>(S)-3-Hydroxyhexadecanoyl-CoA
Isomerization of cis,cis-3,6-Dodecadienoyl-CoA to form trans,cis-Lauro-2,6-dienoyl-CoA
Removal of 2 Carbon atoms from trans,cis-Lauro-2,6-dienoyl-CoA to form 4-cis-decenoyl-CoA
Removal of six carbons from Linoleoyl-CoA to form cis,cis-3,6- Dodecadienoyl-CoA
D-methylmalonyl-CoA <=> L-methylmalonyl-CoA
MUT isomerises L-MM-CoA to SUCC-CoA
Conversion of glycerol-3-phosphate to lysophosphatidic acid
Conversion of Phosphatidic Acid to Diacylglycerol Q5VZY2, Q96GM1, Q6T4P5, Q7Z2D5, Q9BQK8,O43688, Q92539, O14495, Q8NEB5, Q14693, O14494
Conversion of malonyl-CoA and acetyl-CoA to palmitate
Formation of Malonyl-CoA from Acetyl-CoA (liver)
Generation of Cytoplasmic Acetyl CoA from Citrate
3-oxooctadecanoyl-CoA (3-oxostearoyl-CoA) + NADPH + H+ => 3-hydroxyoctadecanoyl-CoA + NADP+
arachidonate + CoASH + ATP => arachidonoyl-CoA + AMP + pyrophosphate + H2O [ACSL4] O95573, Q5FVE4, O14975, O60488, A6GV77,Q9UKU0, Q96GR2, P33121, Q9ULC5
Conversion of palmitic acid to palmitoyl-CoA O95573, Q5FVE4, O14975, O60488, A6GV77,Q9UKU0, Q96GR2, P33121, Q9ULC5
palmitate + CoASH + ATP => palmitoyl-CoA + AMP + pyrophosphate + H2O [ACSL3] O95573, Q5FVE4, O14975, O60488, A6GV77,Q9UKU0, Q96GR2, P33121, Q9ULC5
palmitate + CoASH + ATP => palmitoyl-CoA + AMP + pyrophosphate + H2O [ACSL5] O95573, Q5FVE4, O14975, O60488, A6GV77,Q9UKU0, Q96GR2, P33121, Q9ULC5
palmitate + CoASH + ATP => palmitoyl-CoA + AMP + pyrophosphate + H2O [ACSL6] O95573, Q5FVE4, O14975, O60488, A6GV77,Q9UKU0, Q96GR2, P33121, Q9ULC5
TABLE 5.10 – Enzymes intervenant dans chaque re´action du me´tabolisme des acides gras, des
triglyce´rides et des corps ce´toniques chez Homo sapiens et Gallus gallus. Certaines enzymes cata-
lysent plusieurs re´actions.
BP MF CC
Sim Par(hsa) Motif BP Sim Par(hsa) Motif MF Sim Par(hsa) Motif CC
0.826 0.418 0 + - - 0.885 0.06 0 + - - 1 0 0 + - -
0.318 0.888 0 - + - 0.695 0.258 0 + - - 0.515 0.439 0 + + -
0.318 0.888 0 - + - 0.695 0.258 0 + - - 0.515 0.439 0 + + -
0.415 0.586 0 + + - 0.934 0.028 0 + - - 0.583 0.583 0 + + -
0.257 0.975 0 - + - 0.383 0.627 0 - + - 0.738 0.336 0 + + -
0.242 0.973 0 - + - 0.782 0.287 0 + - - 0.701 0.237 0 + - -
0.257 0.975 0 - + - 0.383 0.627 0 - + - 0.738 0.336 0 + + -
0.305 0.749 0 - + - 0.455 0.661 0 + + - 0.528 0.826 0 + + -
0.287 0.855 0 - + - 0.703 0.522 0 + + - 0.787 0.359 0 + + -
0.242 0.973 0 - + - 0.782 0.287 0 + - - 0.701 0.237 0 + - -
0.604 0.64 0 + + - 0.572 0.409 0 + - - 0.593 0.336 0 + + -
0.604 0.64 0 + + - 0.572 0.409 0 + - - 0.593 0.336 0 + + -
0.604 0.64 0 + + - 0.572 0.409 0 + - - 0.593 0.336 0 + + -
0.604 0.64 0 + + - 0.572 0.409 0 + - - 0.593 0.336 0 + + -
0.604 0.64 0 + + - 0.572 0.409 0 + - - 0.593 0.336 0 + + -
0.381 0.836 0 - + - 0.572 0.736 0 + + - 0.804 0.495 0 + + -
0.604 0.64 0 + + - 0.572 0.409 0 + - - 0.593 0.336 0 + + -
0.604 0.64 0 + + - 0.572 0.409 0 + - - 0.593 0.336 0 + + -
0.381 0.836 0 - + - 0.572 0.736 0 + + - 0.804 0.495 0 + + -
0.766 0.217 0 + - - 0.68 0.496 0 + + - 0.726 0.615 0 + + -
0.591 0.63 0 + + - 0.737 0.447 0 + - - 0.812 0.39 0 + + -
0.591 0.63 0 + + - 0.737 0.447 0 + - - 0.812 0.39 0 + + -
0.581 0.552 0 + + - 1 0 0 + - - 0.708 0.264 0 + - -
0.779 0.502 0 + - - 1 0 0 + - - 0.708 0.264 0 + - -
Conversion of Glycerol to Glycerol-3-phosphate 0.738 0.429 0 + - - 0.83 0.038 0 + - - 0 1 0 - + -
0.276 0.843 0 - + - 0.885 0 0 + - - 0.868 0.446 0 + + -
0.244 0.972 0 - + - 0.438 0.769 0 + + - 0.29 0.96 0 - + -
0.523 0.614 0 + + - 0.919 0.081 0 + - - 0 1 0 - + -
0.415 0.586 0 + + - 0.934 0.028 0 + - - 0.583 0.583 0 + + -
0.469 0.921 0 + + - 0.934 0.039 0 + - - 0.586 0.727 0 + + -
0.691 0.264 0 + - - 0.784 0.31 0 + - - 1 0 0 + - -
0.265 0.974 0 - + - 0.475 0.467 0 + - - 0.48 0.934 0 + + -
0.265 0.974 0 - + - 0.475 0.467 0 + - - 0.48 0.934 0 + + -
0.265 0.974 0 - + - 0.475 0.467 0 + - - 0.48 0.934 0 + + -
0.265 0.974 0 - + - 0.475 0.467 0 + - - 0.48 0.934 0 + + -
0.265 0.974 0 - + - 0.475 0.467 0 + - - 0.48 0.934 0 + + -
Réaction Par(gga) Par(gga) Par(gga)
Gly-3-P+FAD->DHAP+FADH2 (catalyzed by mitochondrial Gly-Phos dehydrogenase)
CPT1 converts palmitoyl-CoA to palmitoyl carnitine
CPT2 converts palmitoyl carnitine to palmitoyl-CoA
Formation of Malonyl-CoA from Acetyl-CoA (muscle)
acetoacetyl-CoA + CoA <=> 2 acetyl-CoA
D-beta hydroxybutyrate+NAD+ <=> acetoacetate+NADH+H+
2 acetyl-CoA <=> acetoacetyl-CoA + CoA
acetoacetyl-CoA+acetyl-CoA => HMG-CoA + CoASH
HMG CoA => acetoacetic acid + acetyl CoA
Reduction of Acetoacetate to beta-Hydroxybutyrate
(S)-Hydroxybutanoyl-CoA+NAD<=>Acetoacetyl-CoA+NADH+H
(S)-Hydroxydecanoyl-CoA+NAD<=>3-Oxodecanoyl-CoA+NADH+H
(S)-Hydroxyhexanoyl-CoA+NAD<=>3-Oxohexanoyl-CoA+NADH+H
(S)-3-Hydroxydodecanoyl-CoA+NAD<=>3-Oxododecanoyl-CoA+NADH+H
(S)-3-Hydroxytetradecanoyl-CoA+NAD<=>3-Oxotetradecanoyl-CoA+NADH+H
trans-Tetradec-2-enoyl-CoA+H2O<=>(S)-3-Hydroxytetradecanoyl-CoA
(S)-Hydroxyoctanoyl-CoA+NAD<=>3-Oxooctanoyl-CoA+NADH+H
(S)-3-Hydroxyhexadecanoyl-CoA+NAD<=>3-Oxopalmitoyl-CoA+NADH+H
trans-Hexadec-2-enoyl-CoA+H2O<=>(S)-3-Hydroxyhexadecanoyl-CoA
Isomerization of cis,cis-3,6-Dodecadienoyl-CoA to form trans,cis-Lauro-2,6-dienoyl-CoA
Removal of 2 Carbon atoms from trans,cis-Lauro-2,6-dienoyl-CoA to form 4-cis-decenoyl-CoA
Removal of six carbons from Linoleoyl-CoA to form cis,cis-3,6- Dodecadienoyl-CoA
D-methylmalonyl-CoA <=> L-methylmalonyl-CoA
MUT isomerises L-MM-CoA to SUCC-CoA
Conversion of glycerol-3-phosphate to lysophosphatidic acid
Conversion of Phosphatidic Acid to Diacylglycerol
Conversion of malonyl-CoA and acetyl-CoA to palmitate
Formation of Malonyl-CoA from Acetyl-CoA (liver)
Generation of Cytoplasmic Acetyl CoA from Citrate
3-oxooctadecanoyl-CoA (3-oxostearoyl-CoA) + NADPH + H+ => 3-hydroxyoctadecanoyl-CoA + NADP+
arachidonate + CoASH + ATP => arachidonoyl-CoA + AMP + pyrophosphate + H2O [ACSL4]
Conversion of palmitic acid to palmitoyl-CoA
palmitate + CoASH + ATP => palmitoyl-CoA + AMP + pyrophosphate + H2O [ACSL3]
palmitate + CoASH + ATP => palmitoyl-CoA + AMP + pyrophosphate + H2O [ACSL5]
palmitate + CoASH + ATP => palmitoyl-CoA + AMP + pyrophosphate + H2O [ACSL6]
TABLE 5.11 – Valeurs de similarite´ et de particularite´ se´mantiques mesure´es sur BP, MF et CC
pour chaque e´tape du me´tabolisme des acides gras, des triglyce´rides et des corps ce´toniques entre
Homo sapiens et Gallus gallus. Les motifs correspondants sont indique´.
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2.3 Interpre´tation
Les re´sultats obtenus pour les deux comparaisons pre´sente´es (Homme - souris et
Homme - poule) montrent d’importantes diffe´rences. Sur le plan de la similarite´, seuls
deux des 289 re´actions compare´es entre l’Homme et la souris ont re´sulte´ en une similarite´
infe´rieure au seuil τsim pour la branche BP, et deux e´galement pour la branche CC. Toutes
les comparaisons faites sur MF ont eu un re´sultat supe´rieur a` τsim. En revanche lorsque
l’on compare l’Homme a` la poule, pre`s de la moitie´ des re´sultats de comparaison sur BP
(105 sur 216) sont infe´rieurs a` ce seuil. Ce nombre est important e´galement sur CC (80)
alors qu’il reste faible pour MF (13).
Si l’on avait utilise´ uniquement une mesure de similarite´ se´mantique, a` l’image de la
repre´sentation propose´e par la Figure 10 nous aurions fait face a` deux limitations et l’ana-
lyse n’aurait pas pu eˆtre plus pousse´e. Premie`rement, dans les cas de faible similarite´, il
est impossible de savoir a` l’aide de la mesure similarite´ laquelle ou lesquelles des deux
espe`ces a ou ont des spe´cificite´s. Deuxie`mement, dans les cas de forte similarite´, la me-
sure de similarite´ seule n’est pas capable de montrer si une des deux espe`ces a des
fonctions particulie`res en plus des fonctions communes. C’est la mesure de particularite´
qui nous permet d’aller plus loin.
Les repre´sentations qui convertissent en couleurs base´es sur les composantes
rouges, vertes et bleues (RVB) les valeurs de nos triplets de similarite´ et de particularite´s
(Figures 12 et 19) permettent de se rendre compte de l’existence de particularite´s, aussi
bien chez l’Homme que chez la souris et la poule. Cependant, ce type de repre´sentation
illustre une limite d’un mode`le continu. En effet, dans la Figure 12, on compte environ
autant de feuilles ayant un ton violet (soit un me´lange de bleu et de rouge, signifiant une
particularite´ de la souris parmi des ge`nes similaires) que de feuilles ayant un ton bleu-vert
(soit un particularite´ de l’Homme parmi des ge`nes similaires). Or lorsque l’on discre´tise
les couleurs a` l’aide de nos seuils de similarite´ τsim et de particularite´ τpar pour obtenir
la Figure 13, on ne compte plus que deux feuilles violettes indiquant une particularite´ de
la souris parmi des ge`nes similaires contre 26 feuilles de couleur bleu-vert indiquant une
particularite´ de l’Homme parmi des ge`nes similaires. Ces donne´es correspondent aux
valeurs que l’on trouve dans la table 5.2.
Concernant la poule, la plupart des particularite´s mesure´es par rapport a` l’Homme
sont nulles. Trois sont supe´rieures a` τpar pour BP, deux pour MF et une pour CC. Il s’ave`re
que ces six cas concernent trois re´actions au total.
La souris a e´galement de nombreuses valeurs de particularite´s nulles par rapport a`
l’Homme, mais moins que la poule. Elle n’a cependant pas plus de valeurs de particularite´
supe´rieures au seuil de particularite´. En effet, on compte 3 valeurs de particularite´ pour
la souris supe´rieures a` τpar pour BP, et trois pour CC, qui se trouvent eˆtre dans les trois
meˆmes re´actions.
Le fait d’avoir un nombre re´duit de cas semblables permet de les examiner de plus
pre`s ; c’e´tait un but du syste`me de seuils. Cela permet de regarder individuellement chacun
des cas de valeur de particularite´ de la souris et de la poule supe´rieure a` τpar. Un fait
inte´ressant concerne la re´action “Arylsulfatase A hydrolyses sulfate from sulfatide to form
cerebroside”, une re´action de la subdivision  me´tabolisme des glycosphingolipides  du
me´tabolisme des sphingolipides. La souris comme la poule ont une valeur de particularite´
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supe´rieure a` τpar pour BP et CC par rapport a` l’Homme. Dans les deux cas, il s’agit
de motifs - + + pour BP et CC. Les Figures 24, 25 et 26 pre´sentent respectivement la
comparaison des annotations du ge`ne ARSA entre l’Homme et la souris, l’Homme et la
poule et la poule et la souris.
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FIGURE 24 – Annotations GO du ge`ne ARSA codant pour l’Arylsulfatase A chez l’Homme et la
souris. Les termes GO en vert n’annotent que le ge`ne humain, les termes en rouge n’annotent que
l’orthologue murin et les termes en bleus sont communs.
L’annotation de la poule et celle de la souris sont tre`s proches, d’ou` la diffe´rence ob-
serve´e dans les deux cas lors de la comparaison avec le ge`ne humain. Malgre´ ces impor-
tantes diffe´rences d’annotations, les ge`nes ARSA de l’Homme, de la souris et de la poule
sont tous dans le meˆme groupe d’HomoloGene 1. Les fonctions mole´culaires de ce ge`nes
sont bien conserve´es entre les espe`ces, cependant l’annotation laisse penser que les
orthologues sont implique´s dans des processus biologiques diffe´rents et dans des com-
posants cellulaires diffe´rents. Le terme “Binding of sperm to zona pellucida” est absent de
l’annotation de l’Homme, cependant il a e´te´ de´montre´ re´cemment que le ge`ne ARSA chez
l’Homme est implique´ dans ce processus [Xu et al., 2012]. Par conse´quent l’annotation du
ge`ne humain devrait eˆtre corrige´e, et l’on ne devrait plus observer de particularite´ pour la
souris ou la poule par rapport a` l’humain au moins au niveau de BP.
1. http://www.ncbi.nlm.nih.gov/homologene/20138
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FIGURE 25 – Annotations GO du ge`ne ARSA codant pour l’Arylsulfatase A chez l’Homme et la
poule. Les termes GO en vert n’annotent que le ge`ne humain, les termes en rouge n’annotent que
l’orthologue de la poule et les termes en bleus sont communs.
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Un deuxie`me cas parmi les particularite´s e´leve´es mesure´es chez la poule est celui
de F1NC39 qui intervient dans la re´action “PETA and CTP are condensed to CDP-ETA
by PCY2”. D’apre`s sa fiche UniProt 2, cette “Uncharacterized protein” est code´e par le
ge`ne PCYT2, qui chez l’Homme code pour l’Ethanolamine-phosphate cytidylyltransferase
qui catalyse justement cette re´action. Or selon HomoloGene, le ge`ne PCYT2 de la poule
n’est pas dans le meˆme groupe que le PCYT2 de l’Homme. En effet, le ge`ne PCYT2 de
l’Homme est dans le goupe n◦2143 avec des ge`nes codants pour des phosphate cytidy-
lyltransferase d’autres espe`ces mais pas la poule 3 alors que le ge`ne PCYT2 de la poule
est dans le groupe n◦56152 avec des ge`nes codants pour des Sirtuines, dont SIRT7 de
l’Homme 4. F1NC39 ayant une forte particularite´ a` la fois sur BP, MF et CC et au vu de
son annotation 5, on peut penser que ce ge`ne n’est pas celui qui catalyse la re´action men-
tionne´e chez la poule.
3 Biais et limites de la comparaison
Les approches de´veloppe´es et utilise´es dans le cadre de cette the`se permettent plus
de pre´cision dans la comparaison inter-espe`ces de voies me´taboliques, cependant il existe
des biais et limitations dont nous allons discuter dans cette section.
3.1 Structure des voies me´taboliques
La base de donne´es de voies me´taboliques parfaite n’existe pas. Une telle base
disposerait de connaissances manuellement revues sur toutes les espe`ces susceptibles
de nous inte´resser et proposerait librement ses donne´es dans un format standard (type
BioPAX). Malheureusement comme dit dans le chapitre 2, chaque base de donne´es a
ses espe`ces de pre´dilection, parfois ses propres formalismes et n’est pas toujours libre
d’acce`s. Pour s’assurer d’utiliser les meilleures donne´es disponibles pour chaque com-
paraison de voies me´taboliques, il faudrait donc inte´grer les connaissances de plusieurs
bases he´te´roge`nes. Soh et al. [2010] ont fait e´tat du faible niveau de cohe´rence, d’ex-
haustivite´ et de compatibilite´ entre ces bases de donne´es. Cela rend donc cette taˆche
d’inte´gration difficile, longue et sans garantie de re´ussite.
Nous avons fait le choix de pre´senter ici des travaux base´s sur Reactome, parce qu’il
s’agissait de la seule base disponible ayant des donne´es manuellement revues sur les trois
espe`ces qui nous inte´ressaient. Cependant, le fait que Reactome soit avant tout base´ sur
les connaissances concernant l’Homme se ressent. Les donne´es des autres espe`ces sont
obtenues par un processus d’infe´rence valide´ manuellement. Il en re´sulte que sur toutes
nos comparaisons structurelles des voies me´taboliques, les seules diffe´rences constate´es
portaient sur la pre´sence ou l’absence de quelques re´actions. L’organisation ge´ne´rale des
2. http://www.uniprot.org/uniprot/F1NC39
3. http://www.ncbi.nlm.nih.gov/homologene/2143
4. http://www.ncbi.nlm.nih.gov/homologene/56152
5. http://www.bettembourg.fr/labo/go2graph/build.php?gene1=PCYT2&tax1=9031&gene2=
PCYT2&tax2=9606
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voies me´taboliques est la meˆme quelle que soit l’espe`ce conside´re´e : celle e´tablie pour
l’Homme que l’on a accepte´e pour les autres espe`ces de la base.
Nous avons pourtant le sentiment qu’il devrait y avoir des variations. Nous avons de´crit
les particularite´s du me´tabolisme des lipides chez les oiseaux en ge´ne´ral et la poule en
particulier dans le premier chapitre. Des e´le´ments tels que le me´tabolisme quasi exclu-
sivement he´patique de cette espe`ce, un syste`me de transport particulier (absence de
syste`me lymphatique, absence d’apolipoprote´ine E), un me´canisme de satie´te´ sans lep-
tine, devraient avoir un effet sur la structuration des voies me´taboliques.
3.2 Annotations
La base de la comparaison se´mantique de produits de ge`nes re´side dans leurs anno-
tations Gene Ontology. Comme les bases de donne´es de voies me´taboliques, cet aspect
a ses limites.
3.2.1 Evidence codes
Nous avons vu que l’annotation d’un ge`ne par un terme GO est associe´e a` un “Evi-
dence code”. Le nombre important permet pre´cise´mment de savoir comment et pour-
quoi on a annote´ tel ge`ne avec tel terme GO. Cependant, encore une fois, acque´rir des
connaissances manuellement, prouver qu’elles sont vraies et pouvoir le retranscrire a` tra-
vers une annotation de ge`ne est un processus long et complexe. Il n’est possible que
pour les espe`ces et les aspects de la biologie les plus e´tudie´s. Les technologies a` haut
de´bit permettent de ge´ne´rer des pe´ta-octets de donne´es qui demanderaient des sie`cles
de traitement afin d’eˆtre analyse´es manuellement. Par chance, des syste`mes d’infe´rence
automatique de plus en plus performants sont mis en place.
La limite de ce syste`me est qu’afin d’e´viter au maximum de faire une erreur en an-
notant automatiquement un ge`ne, il faut se contenter d’utiliser des termes suffisamment
ge´ne´raux. Cela peut re´sulter en une annotation relativement vague commune a` plusieurs
orthologues. De`s lors, leur comparaison est biaise´e. Meˆme si l’on s’attend a` trouver des
particularite´s, parce qu’il est prouve´ qu’il en existe (graˆce a` la litte´rature ou a` des donne´es
propres a` son laboratoire), si l’annotation d’un ge`ne est a` cent pour cent automatique, il y
a bien peu de chance de les mettre en e´vidence.
Certes, ces annotations re´pondant au code IEA ne sont pas fausses comme on l’en-
tend parfois, mais elles sont la plupart du temps bien peu informatives. A la lumie`re de la
figure 8, il n’est pas surprenant d’avoir obtenu presqu’exclusivement des valeurs de parti-
cularite´ nulles pour la poule lors de nos comparaisons. Plus de 95 % d’annotations infe´re´es
automatiquement pour les ge`nes d’une espe`ce peuvent conduire a` un grand nombre d’an-
notations mais a` peu d’information au final.
La solution n’est sans doute pas dans l’espoir de voir un jour toutes les donne´es revues
manuellement, objectifs sans doute inatteignable, mais en l’ame´lioration des processus
d’infe´rence afin d’obtenir par ce moyen une information plus riche.
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3.2.2 Exhaustivite´ des annotations
Meˆme lorsque l’on dispose de deux ge`nes correctement annote´s pour lesquels on ob-
tient des re´sultats de similarite´ et particularite´ inte´ressants (par exemple l’existance d’une
forte particularite´ pour un ge`ne malgre´ une forte similarite´ entre les deux), il n’est pas
possible de valider formellement un gain ou une perte de fonction. En effet, le syste`me
d’annotation fonctionne selon un mode`le de monde ouvert : ce n’est pas parce qu’un
terme n’annote pas un produit de ge`ne que ce dernier n’a pas la fonction de´crite par ce
terme. C’est une limite a` toujours garder a` l’esprit lorsqu’on interpre`te des re´sultats d’une
mesure se´mantique.
3.3 Comparaison de ge`nes par paires
Les me´thodes que nous avons utilise´es et de´veloppe´es permettent de comparer deux
ensembles d’annotations, qui peuvent eˆtre celles de deux produits de ge`nes ou l’ag-
glome´ration des annotations de plusieurs produits de ge`nes. Nous avons proce´de´ ainsi
dans notre comparaison des ge`nes intervenant dans les re´actions du me´tabolisme des
lipides lorsque qu’une de ces re´action pouvait faire intervenir plusieurs isozymes. Le biais
provoque´ par cette approche est que l’on n’a pas tenu compte de la possible redondance
des annotations. En effet, certains termes GO plus fre´quents que d’autres n’ont pas eu
d’effet plus fort sur le re´sultat de nos mesures. A l’inverse, il est possible qu’un terme
GO rare n’annotant qu’un seul ge`ne ait provoque´ une hausse de la particularite´ de tout
l’ensemble alors que ce terme aurait pu eˆtre conside´re´ comme anecdotique.
Il existe des me´thodes de mesure de similarite´ capable de comparer plusieurs groupes
d’annotations en meˆme temps, cependant nous avons pre´fe´re´ nous focaliser sur une
me´thode qui ne travaille que sur deux ge`nes a` la fois mais capable de fonctionner dans le
cadre d’une comparaison inter-espe`ces.
4 Conclusion
Au travers de l’exemple de la comparaison du me´tabolisme des lipides chez l’Homme,
la souris et la poule, nous avons vu l’inte´reˆt d’aborder cette proble´matique sous les trois
angles que sont la comparaison de la structure de la voie me´tabolique, la mesure de la
similarite´ se´mantique des produits de ge`nes pre´sents a` chaque e´tape, et la mesure de
leur particularite´. Ces trois approches sont comple´mentaires et leurs re´sultats peuvent
eˆtre rassemble´s dans un graphe pre´sentant a` la fois la structure de la voie me´tabolique,
les points communs et les diffe´rences au niveau fonctionnel. L’utilisation d’un seuil de
similarite´ et de particularite´ a permis de distinguer des cas potentiellement inte´ressants,
qu’ils refle`tent une possible re´alite´ biologique (seulement “possible” car sous l’hypothe`se
d’un monde ouvert) ou une vraisemblable erreur dans une base de donne´es.
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Autres applications

CHAPITRE 6
APPLICATION DES ME´THODES SE´MANTIQUES A`
D’AUTRES PROBLE´MATIQUES
Dans ce chapitre, nous pre´sentons les re´sultats obtenus en appliquant
les compe´tences et me´thodes de´veloppe´es au cours de cette the`se a`
d’autres proble´matiques, ne´cessitant elles-aussi des mesures se´mantiques
et/ou l’usage de gene ontology.
Nous avons ainsi de´veloppe´ un moteur de recherche de bibliographique
appele´ GO2PUB qui utilise les termes GO comme mots-cle´s pour inter-
roger PubMed en proce´dant a` une extention de requeˆte avec les ge`nes
annote´s par le(s) terme(s) choisi(s). Ce travail est une extension d’un
script de´veloppe´ en marge de mon stage de master 2 afin de trouver plus
efficacement des re´fe´rences bibliographiques pertinentes pour la valida-
tion biologique des pistes que nous avions identifie´es.
Nous avons e´galement applique´ une mesure de similarite´ se´mantique
aux ge`nes de chaque groupe de la “Duplicated Gene Database” (DGD)
de´veloppe´e par l’e´quipe Ge´ne´tique et Ge´nomique de l’UMR PEGASE.
Le but de cette base de donne´es est de classer les ge`nes duplique´s co-
localise´s par groupes et de fournir pour chaque groupe les valeurs de
co-expression et de similarite´ se´mantique intra-groupes. Ce travail a e´te´
re´alise´ pour neuf espe`ces.
Enfin, comme Gene Ontology constitue la base de notre mate´riel d’e´tude,
nous nous sommes interroge´s sur l’e´volution de sa complexite´. L’ide´e ini-
tiale e´tait d’e´tudier si la somme des valeurs se´mantiques (au sens de la
mesure de Wang) des termes de GO fournissait une mesure inte´ressante
de la complexite´ de l’ontologie. Les re´sultats ont montre´ qu’elle n’ap-
portait pas grand chose aux mesures classiques de complexite´ de graphe
(taille, connectivite´ et hie´rarchie). Nous avons donc restreint l’article a`
l’e´tude de ces dernie`res mesures.
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1 De´veloppement d’une me´thode et d’un ou-
til de recherche bibliographique utilisant
GO : GO2PUB
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GO2PUB : Querying PubMed with semantic
expansion of Gene Ontology terms
- RE´SUME´ -
Contexte : Le de´veloppement de me´thodes d’analyses ge´ne´tiques a` haut
de´bit cre´e un besoin d’outils capables d’interroger PubMed a` la recherche
d’articles pertinents relatifs au domaine d’e´tude. Avec la croisssance de
PubMed, la recherche de bibliographie devient plus complexe et chronophage.
Des outils de recherche ayant une bonne pre´cision et un bon rappel sont
ne´cessaires. Nous avons de´veloppe´ GO2PUB pour enrichir automatiquement
des requeˆtes envoye´es a` PubMed avec des noms, symboles et synonymes de
ge`nes annote´s par un terme de Gene Ontology (GO) d’inte´reˆt ou un de ses
descendants dans le graphe de GO.
Re´sultats : GO2PUB enrichit les requeˆtes envoye´es a` PubMed sur la base de
termes GO et de mots-cle´s choisis par l’utilisateur. Il compile les re´sultats et af-
fiche le PMID, titre, auteurs, re´sume´s et re´fe´rences bibliographiques des articles
obtenus. Les noms, symboles et synonymes de ge`nes qui ont e´te´ utilise´s en
tant que mots-cle´s additionnels sont surligne´s dans les re´sultats. GO2PUB est
base´ sur une expansion se´mantique des requeˆtes envoye´es a` PubMed utilisant
les relations d’he´ritage entre les termes du graphe de GO. La pertinence des
re´sultats obtenus avec GO2PUB, GoPubMed et l’utilisation simple de PubMed
a e´te´ e´value´e par deux experts concernant trois requeˆtes sur le me´tabolisme
des lipides. L’accord entre les experts e´tait e´leve´ (kappa = 0.88). GO2PUB a
obtenu 69 % des articles pertinents, GoPubMed : 40 % et PubMed : 29 %.
GO2PUB et GoPubMed ont obtenu 17 % de re´sultats communs, correspon-
dant a` 24 % du nombre total de re´sultats pertinents. 70 % des articles obtenus
avec plus d’un outil se sont ave´re´s eˆtre pertinents. En ce qui concerne les ar-
ticles pertinents obtenus par un seul outil, 36 % des articles pertinents ont e´te´
trouve´s seulement par GO2PUB, 17 % seulement par GoPubMed and 14 %
seulement par PubMed.
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Ge´ne´ralisation : Pour de´terminer si ces re´sultats pouvaient eˆtre ge´ne´ralise´s,
nous avons ge´ne´re´ 20 requeˆtes base´es sur des termes GO pris au hasard
ayant une granularite´ similaire a` ceux des trois premie`res requeˆtes et nous
avons compare´ les proportions de re´sultats obtenus par GO2PUB et GoPub-
Med. Celles-ci e´taient de respectivement de 77 % et 40 % pour les premie`res
requeˆtes, et de 70 % et 38 % pour les requeˆtes base´es sur des termes
GO pris au hasard. Les deux experts ont aussi proce´de´ a` la ve´rification de
pertinence des re´sultats de sept de ces vingt nouvelles requeˆtes (trois qui
e´taient relatives au me´tabolisme des lipides et quatre relatives a` un autre
domaine. L’accord entre expert e´tait haut (0.93 et 0.8). Les performances de
GO2PUB et GoPubMed e´taient similaires a` celles obtenues avec les trois
premie`res requeˆtes.
Conclusion : Nous avons de´montre´ que l’utilisation de ge`nes annote´s soit par
des termes GO d’inte´reˆt, soit par un de leurs descendants permettait d’ob-
tenir des articles pertinents non trouve´s par d’autres outils. La comparaison
de GO2PUB, base´ sur une expansion se´mantique, et GoPubMed, base´ sur
des techniques de “text-mining” a montre´ que ces outils sont comple´mentaires.
L’analyse des requeˆtes ge´ne´re´es ale´atoirement sugge`re que les re´sultats obte-
nus pour le me´tabolisme des lipides peut eˆtre ge´ne´ralise´ a` d’autres processus
biologiques. GO2PUB est disponible a` http://go2pub.genouest.org.
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Abstract
Background: With the development of high throughput methods of gene analyses, there is a growing need for
mining tools to retrieve relevant articles in PubMed. As PubMed grows, literature searches become more complex and
time-consuming. Automated search tools with good precision and recall are necessary. We developed GO2PUB to
automatically enrich PubMed queries with gene names, symbols and synonyms annotated by a GO term of interest or
one of its descendants.
Results: GO2PUB enriches PubMed queries based on selected GO terms and keywords. It processes the result and
displays the PMID, title, authors, abstract and bibliographic references of the articles. Gene names, symbols and
synonyms that have been generated as extra keywords from the GO terms are also highlighted. GO2PUB is based on a
semantic expansion of PubMed queries using the semantic inheritance between terms through the GO graph. Two
experts manually assessed the relevance of GO2PUB, GoPubMed and PubMed on three queries about lipid
metabolism. Experts’ agreement was high (kappa=0.88). GO2PUB returned 69% of the relevant articles, GoPubMed:
40% and PubMed: 29%. GO2PUB and GoPubMed have 17% of their results in common, corresponding to 24% of the
total number of relevant results. 70% of the articles returned by more than one tool were relevant. 36% of the relevant
articles were returned only by GO2PUB, 17% only by GoPubMed and 14% only by PubMed. For determining whether
these results can be generalized, we generated twenty queries based on random GO terms with a granularity similar
to those of the ﬁrst three queries and compared the proportions of GO2PUB and GoPubMed results. These were
respectively of 77% and 40% for the ﬁrst queries, and of 70% and 38% for the random queries. The two experts also
assessed the relevance of seven of the twenty queries (the three related to lipid metabolism and four related to other
domains). Expert agreement was high (0.93 and 0.8). GO2PUB and GoPubMed performances were similar to those of
the ﬁrst queries.
Conclusions: We demonstrated that the use of genes annotated by either GO terms of interest or a descendant of
these GO terms yields some relevant articles ignored by other tools. The comparison of GO2PUB, based on semantic
expansion, with GoPubMed, based on text mining techniques, showed that both tools are complementary. The
analysis of the randomly-generated queries suggests that the results obtained about lipid metabolism can be
generalized to other biological processes. GO2PUB is available at http://go2pub.genouest.org.
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Background
The development of high-throughput methods of gene
analysis requires to deal with lists of thousands of genes
while researchers were used to search the literature only
for a few genes at a time. The information retrieval pro-
cess becomes an increasingly diﬃcult task and needs to
be redesigned to provide literature concerning biological
problems raised by the gene analyses.
PubMed is the most comprehensive public database of
biomedical literature. It comprises more than 21 million
entries for biomedical literature from MEDLINE, life sci-
ence journals, and online booksa. The typical PubMed
user has to read several dozens to hundreds of abstracts to
select the relevant ones. More than 4 million articles were
added in the last 5 years b.
A well deﬁned query is important to retrieve as many
relevant articles as possible with as few irrelevant ones as
possible. Such a query is often more complex than the few
loosely-coupled keywords used by most users. There is a
need for automatic tools helping the users to build such
complex queries that minimize silence and noise [1,2].
Although PubMed supports MeSH-based query expan-
sion [3], other literature search tools have been devel-
oped [4-7] and evaluated [8]. These can be classiﬁed into
three major approaches. The ﬁrst approach, exempliﬁed
by tools like SLIM [9], is based on an intuitive interface
to set some ﬁlters on PubMed queries in order to obtain
a better precision than with the basic PubMed querying
system. A good proﬁciency with PubMed advanced search
brings similar results.
The second approach developed in SEGOPubMed uses
a Latent Semantic Analysis (LSA) framework. It is based
on a semantic similarity measure between the user query
and PubMed abstracts [10]. The authors of SEGOP-
ubMed state that the LSA approach outperforms the other
approaches when using well-referenced keywords. Unfor-
tunately, no implementation of SEGOPubMed is currently
available. Moreover, this method requires that a corpus of
well-referenced keywords be constituted and maintained
before the search. Such a corpus is not available (in the
biomedical domain) either.
The third approach is based on query enrichment
using controlled vocabularies and ontologies. An ontol-
ogy is a knowledge representation in which concepts are
described both by their meaning and their relations to
each other [11]. Ontologies are useful to ﬁnd informa-
tion relevant to a given topic, particularly through a query
expansion process[12]. The automatic handling of the
query complexity facilitates query formulation. Expanded
queries applied to the web information retrieval show a
systematic improvement over the unexpanded ones [13].
QuExT performs a concept-oriented query expansion to
retrieve articles associated with a given list of genes sym-
bols from PubMed and to prioritize them [14].
However, a frequent goal of gene-related analyses (e.g.
transcriptomics) is to identify the genes with diﬀerent
expression across samples analyzed. Thereafter, scientists
link their list of genes to more synthetic keywords and
functions using Gene Ontology (GO) terms [15] associ-
ated to genes thanks to the Gene Ontology Annotation
database [16]. At this stage of the gene-related analyses,
the keywords to search the literature are not gene names
anymore but GO terms. Therefore, tools querying litter-
ature with GO terms seem appropriate. GoPubMed [17]
uses a text extraction algorithm tomine PubMed abstracts
with GO terms. It relies on a local string alignment to
compare the GO terms and the abstracts. GoPubMed
selects the abstracts containing at least a signiﬁcant part
of the semantic of the GO terms. However, GoPubMed
does not follow GO strict rules conveying the semantics
of terms. If the annotation of a gene product gp by a Gene
Ontology term t is true, then the annotation of gp by any
parent of t is equally true [16]. All transitive relation (is a,
part of ) have to be followed to retrieve these parents. As
GoPubMed does not follow this rule, its recall decreases
whenever inferences about gene annotations yield new
relevant results [18]. None of the existing tools supports
a combination of semantics-based and of synonym-based
PubMed query enrichment.
In this study, we hypothesized that the name of the
genes annotated by a GO term of interest or one of its
descendants can be used as keyword in gene-oriented
PubMed queries. The descendants of a GO term are
deﬁned according to the Gene Ontology speciﬁcations
of reasoning about relationsc. The genes annotated with
GO terms are provided by the Gene Ontology Annotation
database.
In our system GO2PUB, we propose a new approach
that considers not only the genes annotated with a GO
term of interest, but also those annotated by a descendant
of this GO term, complying with the semantic inheritance
properties of GO. GO2PUB’s user inputs a list of GO
terms of interest, one or more species, and a list of key-
words. It generates a PubMed query with the names, sym-
bols and synonyms or aliases of these genes, the species
and the keywords and processes PubMed results.
We performed a qualitative relevance study on our
domain of expertise using three queries related to lipid
metabolism. Because GO2PUB and GoPubMed both use
GO terms as input we wanted to confront the results from
these tools. For each query, we compared GO2PUB results
with those of the original GoPubMed and of GoPubMed
after having manually-generated the semantic expansion
of the GO terms. In addition, we submitted similar queries
to PubMed as it is the reference literature search tool.
Two experts manually determined the relevance of all the
articles. We computed the precision, relative recall and
F-score of GO2PUB, GoPubMed and PubMed. In order
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to determine if the results of the qualitative study could
be generalized, we then performed a study on twenty
randomly-generated queries. This study focused on the
number of common results and tool-speciﬁc results. We
also analyzed the relevance of seven of these twenty ran-
dom queries.
Results
Qualitative study
In order to evaluate GO2PUB’s relevance and to com-
pare it with GoPubMed, we assessed three queries (Q1,
Q2 and Q3) about biological processes related to lipid
metabolism and including diﬀerent GO terms, species
and MeSH terms. We submitted our queries to GoP-
ubMed using the same keywords and tags. As GoPubMed
only considers the GO term(s) provided by the user and
ignores the inheritance rules of Gene Ontology, we also
expanded queries manually then submitted them to GoP-
ubMed. Our GoPubMed queries were composed of the
GO term(s) and all its descendants separated by “OR”,
plus MeSH keywords. This ensured the closest compari-
son possible. We also constructed the PubMed queries as
close as possible to our GO2PUB queries.
Relevance criteria
The role of GO2PUB is to retrieve literature about gene
functions summarized by a GO term thanks to a gene
analysis process. We analyzed the results of GO2PUB,
GoPubMed and PubMed queries according to the follow-
ing criteria. We considered that a relevant article had to
describe at least one gene product occurring in the chosen
domain of interest for the selected species. The gene prod-
uct’s description has to focus on its role, its interactions,
and how and when it is activated.
For each query Q1, Q2 and Q3, the results obtained by
the diﬀerent tools were mixed for a blind selection by a
biologist, CD and by a bioinformatician, CB. This ensured
that the reviewers did not know which tool(s) retrieved
the articles. The ﬁnal list of relevant articles is the union
of the two reviewers’ lists.
Relevancemeasurement
For each query and tool, we computed the precision,
recall and F-score. Computing the recall for each query is
impossible because it would require to know all the rel-
evant articles available in Medline. As it is possible that
some of these articles were missed by all three tools, recall
was deﬁned as relative to all relevant articles obtained by
at least one of the tools.
Figure 1 presents the reviewers’ selections of relevant
articles among all the results of the qualitative study. Most
of the relevant articles were found in the intersection of
the two selections. Reviewers agreed on 35 relevant and
113 irrelevant articles while selecting separately 3 and 4
articles as relevant. Additional ﬁles 1, 2 and 3 provide the
experts’ selections for Q1, Q2 and Q3.
We used Cohen’s kappa coeﬃcient as a statistical mea-
sure of inter-rater agreement [19]. The value obtained was
0.88, which corresponds to an almost perfect agreement
[20].
Query Q1: Lipogenesis in chicken liver
For our ﬁrst query in GO2PUB, we used “Lipid biosyn-
thetic process” (GO:0008610) as GO term, “Gallus
gallus” as species, “Liver” as Major Topic and “Lipid
Metabolism” as MeSH keyword, and we considered the
articles published in the last ﬁve years. We ran query Q1
on GO2PUB using the [BASICq], [MeSHq] and [ORq]
options described in method section. “Lipid biosynthetic
process” has 243 descendants in the GO graph. The mean
number of edges to reach the root of the ontology from
this term was 3.5.
Additional ﬁle 4 contents the results obtained by
GO2PUB for query Q1. Results are formatted for a
quick access to information. Each citation obtained from
PubMed is listed; the title, authors, date, abstract, journal,
PMID and MeSH terms are displayed. The name, symbol
and synonyms of gene annotated by the GO term(s) are
highlighted in the title and abstract.
The query Q1 formulated for GoPubMed included
“lipid biosynthetic process”[go] AND Chickens[mesh]
AND Liver[majr] AND “Lipid Metabolism”[mesh] AND
last5years[time]. This is the “standard” query for GoP-
ubMed. We also formed the manually-expanded version
of this query by adding the descendants of “lipid biosyn-
thetic process” separated by “OR”. It should be noted that
47 of the 243 terms generated by the semantic expansion
of “Lipid biosynthetic process” generated a GoPubMed
error and had to be ignored. For example, one of the
descendants of “Lipid biosynthetic process” is “Regulation
of phospholipid biosynthetic process” (GO:0071071),
which is a relevant descendant term.When querying GoP-
ubMed with this GO term, we obtained an error: “Your
query could not be understood: Can’t ﬁnd a term regula-
tion of phospholipid biosynthetic process”.
The PubMed equivalent query for Q1 was “Chick-
ens liver lipogenesis”, which PubMed interpreted as
(“chickens”[mesh] OR “chickens”[all]) AND (“liver”[mesh]
OR “liver”[all]) AND (“lipogenesis”[mesh] OR “lipogene-
sis”[all]).
Figure 2 presents Venn diagrams comparing the results
obtained with PubMed, GoPubMed (after manual expan-
sion) and GO2PUB for Q1. Figure 2A presents the raw
results. Although queries as similar as possible were
issued to the three tools, the resulting sets of articles had
little overlap. Figure 2B presents the repartition of the rel-
evant articles. Most of the relevant articles were identiﬁed
by GO2PUB. Of note, most of the articles retrieved by at
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Figure 1 Comparison of the experts’ relevance selections. Experts’ selections overlap of relevant articles among all obtained as results from the
three reviewed queries (Q1, Q2 and Q3).
least two tools (overlaps in Figure 2A) were found to be
relevant (overlaps in Figure 2B).
Table 1 presents the precision, relative recall and F-score
for each tool. GO2PUB had a better precision and rela-
tive recall than GoPubMed and Pubmed. Regarding GoP-
ubMed, there was no diﬀerence between the “standard”
and “expanded” results.
Query Q2: Lipid transport in human blood
In our second reviewed query in GO2PUB, we used
“Lipid transport” (GO:0006869) as GO term, “Homo
sapiens” as species, “Blood” as Major Topic and “Lipid
Metabolism” as MeSH keyword, and we considered the
articles published in the last ﬁve years. “Lipid transport”
has 109 descendants in the GO graph. The mean number
of edges to reach the root of the ontology from this term
was 4.3.
We ran equivalent queries on GoPubMed (“standard”
and “expanded” versions) and PubMed. 46 of the 109
terms generated by the semantic expansion of “Lipid
Transport” generated a GoPubMed error and had to
be ignored.
(a)
(b)
Figure 2 Comparison of the PubMed, GoPubMed and GO2PUB results for query Q1. (a) displays the repartition and intersections of these
results. (b) displays the repartition and intersections of the results considered as relevant.
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Table 1 Measures for query Q1
PubMed GoPM (std) GoPM (exp) GO2PUB
(a) Number of 19 16 16 24
results
(b) Relevant 8 5 5 13
among (a)
Precision 0.421 0.313 0.313 0.542
Relative 0.5 0.313 0.313 0.813
Recall
F-score 0.457 0.313 0.313 0.650
Values of precision, relative recall and F-score using PubMed, GoPubMed
without (GoPM std) or with (GoPM exp) manual expansion and GO2PUB search
tools for query Q1 about lipogenesis in chicken liver. Values are calculated from
(a) and (b) lines using a total number of relevant results of 16.
As there is no MeSH term for “lipid transport”, we
searched it in titles and abstracts on PubMed. The
PubMed query was: “lipid transport”[TIAB] AND
((“blood”[Subheading] OR “blood”[All Fields] OR “blood”
[MeSH Terms]) AND (“humans”[MeSH Terms] OR
“humans”[All Fields] OR “human”[All Fields])) AND
(“2006/03/28”[PDat] : “2011/03/28”[PDat]).
Figure 3 presents the results obtained by PubMed, GoP-
ubMed (after manual expansion) and GO2PUB for Q2. As
observed for query Q1, the majority of the results were
tool-speciﬁc. PubMed yielded 45 articles, none of which
were retrieved by GO2PUB nor GoPubMed while there
was an overlap between GO2PUB and GoPubMed results.
Considering only GoPubMed and GO2PUB, most of the
results were speciﬁc to one tool or the other and few
were obtained by both tools (Figure 3A). Three of the four
common articles between GoPubMed and GO2PUB were
relevant (Figure 3B). GO2PUB yielded half of GoPubMed
relevant results while having an important speciﬁc rele-
vant results set. Only 2 article on 45 yielded by PubMed
were relevant.
Table 2 presents precision, relative recall and F-score
for each tool. GO2PUB has a slightly lower precision than
GoPubMed (standard and after manual expansion) but
better relative recall and F-score. For GoPubMed, there
was no diﬀerence between “standard” and “expanded”
results.
Query Q3: Regulation of lipase activity in human cell
membrane
Our third query in GO2PUB used “Regulation of lipase
activity” (GO:0060191) as GO term, “Homo sapiens” as
species and “Cell Membrane” and “Lipid Metabolism” as
MeSH keywords, and considered the articles published in
the last ten years. “Regulation of lipase activity” has 35
descendants in the GO graph. The mean number of edges
to reach the root of the ontology from this term was 5.25.
We ran equivalent queries on GoPubMed (“standard”
and “expanded” versions) and PubMed. 16 of the 35 terms
generated by the semantic expansion of “Regulation of
lipase activity” generated a GoPubMed error and had to
be ignored.
The PubMed query was composed of the keywords
“regulation”, (“lipase” AND “activity”), “human” and (“cell”
AND “membrane”).
Figure 4 presents the results obtained by PubMed, GoP-
ubMed (after manual expansion) and GO2PUB. Figure 4A
shows a larger set of results for GO2PUB compared to
Figure 3 Comparison of the PubMed, GoPubMed and GO2PUB results for query Q2. (a) displays the repartition and intersections of these
results. (b) displays the repartition and intersections of the results considered as relevant.
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Table 2 Measures for query Q2
PubMed GoPM (std) GoPM (exp) GO2PUB
(a) Number of 45 9 9 16
results
(b) Relevant 2 6 6 10
among (a)
Precision 0.044 0.667 0.667 0.625
Relative 0.133 0.4 0.4 0.667
Recall
F-score 0.067 0.5 0.5 0.645
Values of precision, relative recall and F-score using GoPubMed without (GoPM
std) or with (GoPM exp) manual expansion and GO2PUB search tools for query
Q2 about lipid transport in human blood. Values are calculated from (a) and (b)
lines using a total number of relevant results of 15.
GoPubMed (24 and 8, respectively), but we can see in
Figure 4B that most of these results are irrelevant. As
observed for query Q2, none of the PubMed results were
retrieved by GO2PUB nor GoPubMed while there was an
overlap between GO2PUB and GoPubMed results. Only
2 articles on 23 identiﬁed by PubMed were relevant.
Table 3 presents precision, relative recall and F-score
for each tool. GO2PUB has a relative recall equivalent to
GoPubMed’s and a lower precision and F-score. For GoP-
ubMed, the “manually-expanded” results have a higher
relative recall and F-score and a lower precision than
the “standard” ones. We observed again a discrepancy
between PubMed and the other tools, with a lower pre-
cision, a lower relative recall, and consequently a lower
F-score for PubMed.
Generalization study
In order to determine whether previous results are rep-
resentative of GO2PUB’s performances, we performed
Table 3 Measures for query Q3
PubMed GoPM (std) GoPM (exp) GO2PUB
(a) Number of 23 6 8 24
results
(b) Relevant 2 5 6 6
among (a)
Precision 0.087 0.833 0.75 0.25
Relative 0.182 0.455 0.545 0.545
Recall
F-score 0.118 0.588 0.632 0.343
Values of precision, relative recall and F-score using PubMed, GoPubMedwithout
(GoPM std) or with (GoPM exp) manual expansion and GO2PUB search tools for
query Q3 about regulation of lipase activity in human cell membrane. Values are
calculated from (a) and (b) lines using a total number of relevant results of 11.
a generalization study on twenty randomly-generated
queries. We compared the proﬁle of the results obtained
by GO2PUB and GoPubMed in this generalization study
with those obtained in the qualitative study. This proﬁle
depends on the average size of the sets of articles. The
following proportions were calculated on the result set
constituted by all GoPubMed and GO2PUB results. In
the qualitative study, GO2PUB yielded 21.33 articles on
average, which represented 77.1% of the total. GoPubMed
yielded 11.0 articles on average, which represented 39.8%
of the total. There were 4.67 articles on average in the set
of common articles, which represented 16.9% of the total.
We built queries following the pattern: “a random GO
term + a species (mouse) + a publication date limit (2011)
+ a keyword (the GO term name)”. To be coherent with
our qualitative study, we randomly selected twenty GO
terms among all Biological Process terms having a gran-
ularity similar to those of the three GO terms used in
the qualitative study. We assumed that the granularity of
(a)
(b)
Figure 4 Comparison of the PubMed, GoPubMed and GO2PUB results for query Q3. (a) displays the repartition and intersections of these
results. (b) displays the repartition and intersections of the results considered as relevant. The GoPubMed displayed set is the one that uses the
manual semantic expansion.
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a term depends on the mean length of its path to the
root, and its number of descendants. Each GO term of the
generalization study had a mean path length to the root
between 3.5 and 5.25 edges and had between 35 and 244
descendants. As we could not add a MeSH keyword in
relation with the random GO term of each query, we sim-
ply added the name of this GO term. This keyword was
added in the free ﬁeld for GO2PUB and without [go] tag
for GoPubMed. We submitted these queries to GO2PUB
and to GoPubMed.
Figure 5 presents the sets of articles obtained by
GO2PUB and GoPubMed for these queries. GO2PUB
yielded 46 articles on average (min 6, max 189) compared
to 21.33 on the qualitative study. They represented 70.4%
of the total number of articles (77.1% in the qualitative
study). GoPubMed yielded 25.1 articles on average (min 2,
max 88) compared to 11.0 on the qualitative study. They
represented 38.4% of the total number of articles (39.8%
in the qualitative study). There were 5.75 articles on aver-
age (min 0, max 59) in the common set. They represented
8.8% of the total (16.9% in the qualitative study). The
proﬁle of these results is close to the qualitative study one.
We studied the relevance of the results from seven
queries picked out among the twenty queries of
the generalization study. Out of the seven queries,
three were chosen because they were in our review-
ers’ domain of expertise: “cellular lipid catabolic pro-
cess” [GO:0044242], “isoprenoid biosynthetic process”
[GO:0008299] and “phospholipid biosynthetic pro-
cess” [GO:0008654]. Cohen’s kappa was 0.9345. We
picked randomly four additional queries about “RNA
transport” [GO:0050658], “tetrapyrrole metabolic pro-
cess” [GO:0033013], “xenobiotic metabolic process”
[GO:0006805] and “organelle fusion” [GO:0048284].
Cohen’s kappa remained high for these four queries
(0.797) in spite of them being out of our reviewers’ domain
of expertise. Table 4 presents the number of results, preci-
sion, relative recall and F-score respectively for the three
lipid-related queries and the other four queries of the gen-
eralization study. Results are similar to those observed in
the qualitative study. The resulting sets of articles had lit-
tle overlap. Moreover, each tool yielded relevant results
ignored by the other, with important variation of perfor-
mances among queries.
Discussion
Our goal was to develop a tool that uses the knowledge
from the Gene Ontology (GO) and its annotations for
generating semantically-expanded gene-related PubMed
queries. Indeed, there is no [GO] tag for a search in
PubMed.
The qualitative study showed that both GO2PUB
and GoPubMed retrieved relevant articles ignored by
PubMed. For the query Q1 about lipogenesis in chicken
liver, 26 of the 35 articles (8 of 14 relevant) returned
by either GO2PUB or GoPubMed were ignored by
PubMed. Conversely, 9 of the 19 articles (6 out of 8 rel-
evant) returned by PubMed were also returned by either
GO2PUB or GoPubMed. For Q2 and Q3, the set of arti-
cles returned by PubMedwas disjoint from both GO2PUB
andGoPubMed results. PubMed identiﬁed only 4 relevant
articles not yielded by GO2PUB nor GoPubMed for these
2 queries.
Overall, GO2PUB performed better than GoPubMed
and PubMed. Both GoPubMed and GO2PUB and to a
lesser extend PubMed yielded relevant articles ignored by
Figure 5 Repartition of results obtained by GO2PUB and GoPubMed for twenty general GO queries without free keyword. This diagram
presents the sets of results obtained by GoPubMed and GO2PUB for twenty general queries. These queries were built with a random GO term
having a granularity similar to that of GO terms of the qualitative study.
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Table 4 Measures for seven generalization queries
(A) Lipids GO:0044242 GO:0008299 GO:0008654
Tool GPM G2P GPM G2P GPM G2P
(a) Number of results 4 26 9 16 25 27
(b) Relevant among (a) 3 20 1 2 5 11
(c) Total relevant 22 3 12
(d) Common results 1 2 5
(e) Relevant among (d) 1 0 4
Precision 0.750 0.769 0.111 0.125 0.200 0.407
Relative Recall 0.136 0.864 0.333 0.667 0.417 0.917
F-score 0.231 0.814 0.167 0.211 0.270 0.564
(B) Other GO:0050658 GO:0033013 GO:0006805 GO:0048284
Tool GPM G2P GPM G2P GPM G2P GPM G2P
(a) Number of results 25 10 15 19 30 23 24 17
(b) Relevant among (a) 7 2 3 3 17 14 10 9
(c) Total relevant 9 6 26 16
(d) Common results 3 6 7 8
(e) Relevant among (d) 1 2 4 4
Precision 0.280 0.200 0.200 0.158 0.567 0.609 0.417 0.529
Relative Recall 0.875 0.250 0.600 0.600 0.680 0.560 0.625 0.563
F-score 0.424 0.222 0.300 0.250 0.618 0.583 0.500 0.545
Results’ sets sizes and values of precision, relative recall and F-score using GoPubMed and GO2PUB search tools for seven random queries: three lipid-related queries
(part A) and four queries about other topics (part B). Values of precision, relative recall and F-score are calculated from (a), (b) and (c) lines. (d) and (e) lines provide
GO2PUB and GoPubMed common results’ sets sizes and the number of common relevant results.
the others. The discrepancy observed between PubMed
and the other tools is probably due to the absence of a
[GO] search ﬁeld tag in PubMed. GO2PUB performance
varied among the queries. For two queries (Q1, Q2) of the
qualitative study, GO2PUB yielded most of the relevant
articles and had therefore the highest relative recall value
while its precision was slightly lower than that of GoP-
ubMed. Consequently, GO2PUB had the best F-score. For
Q3, GO2PUB yielded as many relevant articles as GoP-
ubMed but had a higher noise proportion. GO2PUB had a
slightly better relative recall than GoPubMed, but its pre-
cision was much lower. Consequently, GoPubMed had the
best F-score. We can also notice that for Q3, the query
expansion on GoPubMed improved its performances with
a better relative recall and F-score at the cost of a small
loss of precision. We observed similar results on the seven
queries of the generalization study for which we assessed
the relevance.
GO2PUB performs a semantic expansion of the GO
terms of interest complying with the semantic inheritance
through the GO graph before retrieving the correspond-
ing genes to enrich the query. All the results of GO2PUB
presented here were obtained using the concept of query
expansion. During the development of GO2PUB, we also
ran queries without this expansion.We obtained empty or
very small sets of results.
Using the semantic inheritance properties of the GO
graph is useful. The more descendants a GO term has, the
more relevant results GO2PUB yields. GO2PUB perfor-
mance decreased from Q1 to Q3. For Q1, “lipid biosyn-
thetic process” has 243 descendants and annotates 646
genes for human and 145 genes for chicken. For Q2, “lipid
transport” has 109 descendants and annotates 253 genes
for human and 63 genes for chicken. For Q3, “regula-
tion of lipase activity” has 35 descendants and annotates
168 genes for human and 18 genes for chicken. The more
descendants a GO term has, the more genes it is likely
to annotate. Moreover, Q1 concerned chicken, which is
less annotated than human. On less annotated species,
the annotations focus on the major genes. This explains
why GO2PUB yields a high proportion of relevant
articles.
Concerning Q3, GO2PUB had a low precision com-
pared to GoPubMed. Genes annotated with GO terms on
regulation usually have many additional functions. Conse-
quently, the articles about genes annotated by “regulation
of lipase activity” searched in Q3 may also describe the
other functions of these genes. To obtain a better precision
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in this case, we suggest to further specify the query with a
MeSH term or a free keyword.
GoPubMed does not follow the semantic inheritance
properties of GO. We manually expanded GoPubMed
queries and compared it to GO2PUB. The added value of
semantic expansion was null for Q1 and Q2, and impor-
tant for Q3 (+33%). So query expansion is a built-in
functionality in GO2PUB, and would be a valuable exten-
sion for GoPubMed. In GoPubMed results, a “missing
term” error occurred for 19% of the expanded set of GO
terms for Q1, 42% for Q2 and 44% for Q3. We assume
that the beneﬁts of query expansion on GoPubMed might
be higher when considering the articles related to these
currently omitted GO terms.
In order to verify whether the results from the quali-
tative study on lipid metabolism could be generalized to
other domains, we submitted twenty randomly-generated
queries to GO2PUB and GoPubMed. Each query con-
tained a random GO term of a granularity similar to
that of the terms used in the qualitative study. The pro-
portion of articles returned by GO2PUB was 70.4%, the
one of GoPubMed was 38.4% and the proportion of
articles returned by both was 8.8%. These proportions
were respectively 77.1%, 39.8% and 16.9% for the qualita-
tive study. We assume that the diﬀerence of proportions
between the qualitative and the generalization studies
can be attributed to Q1, Q2 and Q3 being more speciﬁc
because of the use of MeSH keywords. The seven queries
of the generalization study presented relevances similar to
those observed in the qualitative study.
GO2PUB seems less suited for queries involving
either general GO terms or GO terms with few or no
descendants. Indeed, with general GO terms, GO2PUB
considers a lot of descendants, and therefore a lot of genes.
We expect this to increase the noise as some of the genes
will be irrelevant. Conversely, GO terms having few or
no descendants are associated with few genes. We do not
expect semantic expansion to beneﬁt these highly speciﬁc
queries yielding only a few PubMed results.
As most of the results obtained by GO2PUB and GoP-
ubMed are relevant in the qualitative study and in the
generalization study, the intersection of GoPubMed and
GO2PUB results decreases noise. As each tool yields rele-
vant articles ignored by the other, the union of their results
also decreases silence.
Conclusion
GO2PUB brings relevant results ignored by GoPubMed
(9 GO2PUB’ speciﬁc results for Q1, 7 for Q2 and 3 for
Q3) even when adding a manual query expansion for
GoPubMed. Conversely GoPubMed text mining approach
ﬁnds relevant articles ignored by GO2PUB (1 GoPubMed’
speciﬁc result for Q1, 3 for Q2 and 3 for Q3). This demon-
strates GO2PUB relevance and its complementarity with
GoPubMed for our domain of interest. The generalization
analysis shows that a similar proﬁle of results is obtained
using random queries, especially when using keywords for
narrowing the queries. This suggests that the results of the
qualitative study can be generalized.
Resources andmethods
Resources
The ﬁles from GOd and GOAe used in our study were
downloaded in March 2011. We used the “term” and
“term2term” tables of GO for the automatic semantic
expansion of GO2PUB and the manual expansion of GoP-
ubMed queries. We used species speciﬁc GOA tables to
retrieve for each species of interest the gene names anno-
tated by the provided GO terms. These tables allowed us
to build queries about seven diﬀerent speciesf. Since June
2011, GO2PUB uses the Uniprot-GOA table instead of
the species-speciﬁc tables, allowing researchers to mine
the literature about more than 2000 diﬀerent species.
Additionally, this table is more complete than the species-
speciﬁc tables used previously.
All the queries were submitted to GO2PUB, PubMed
and GoPubMed on 28th March 2011. Synonyms and
aliases of genes used in GO2PUB were provided by the
current version of EntrezGene.
We represented the overlap of the diﬀerent tools results
using Venn diagrams generated by BioVenn [21].
Methods
GO2PUB query building
GO2PUB creates an expanded PubMed query with the
name, symbol and synonyms of genes annotated by one or
several GO terms provided by the users, for one or several
species. Figure 6 presents the process. The users provide
one or several GO terms and species. To further restrict
their query, they can also provide as many MeSH terms
keywords as wanted. Furthermore, a “free text” ﬁeld sup-
ports the use of all the other PubMed tags, like [Author],
[Journal], etc., and keywords from MeSH terms or free
text.
The ﬁrst part of each query involves one or more GO
terms. The users can enter either the name or the iden-
tiﬁer of the GO terms. These terms are suggested when
the users start to ﬁll the ﬁeld. The exact GO term is sug-
gested if the users provide one of its GO synonyms. For
example, GO2PUB will search for “lipid biosynthetic pro-
cess” if the users provide “lipogenesis”. When two or more
GO terms are entered, GO2PUBmakes the union of them
(“OR” connector).
Then, the users select one or several species using a
name (common or scientiﬁc names and their synonyms
are allowed) or a NCBI taxon codeg. In this case, the
users can choose to join them (using “OR”) or inter-
sect them (using “AND”). Logical connectors “AND” and
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Figure 6 GO2PUB Query composition process using the parameters provided by the user. (1) the initial α GO terms (purple boxes) are
enriched by their descendants. (2) the genes (here noted G1 to Gz) annotated by the GO terms are retrieved. (3) the query is composed using the
names, symbols and synonyms of the genes, the β species (S) and the γ MeSH or free keywords (K).
“OR” are set by default to make the union of species and
intersection of keywords, but this can be modiﬁed.
Next, the users can enter additional MeSH terms to
specify their query. MeSH terms associated to the arti-
cles by PubMed are not all of same importance, some of
them being classiﬁed as “Major topic” (MAJR). We can
qualify each keyword as a simple MeSH term or a Major
topic. Again, the users can specify the connector between
keywords.
At this point, the users have built a simple GO2PUB
query. We call this query [BASICq]. The system supports
three modiﬁcations for [BASICq] for studying if minor
changes bring additional relevant results.
The ﬁrst modiﬁcation ignores MAJR qualiﬁers and
searches all keywords in PubMed [MeSH] tag. As MAJR
terms are also MeSH terms, articles associated to them
will still be found. We call this query [MeSHq].
The second modiﬁcation replaces “AND” connectors
between keywords by “OR” connectors. However, as it can
return substantially more results with a lot of noise, all
keywords in this additional query are tagged with MAJR.
Species, normally searched in MeSH, are also tagged with
MAJR. We call this query [ORq].
The third modiﬁcation ignores MeSH and MAJR key-
words, and tags species with MAJR. This option must
be used carefully because it can yield several hundreds
of results if the search topic is too large. It is of inter-
est only for very narrow topics if the users do not obtain
enough results with the other types of queries.We call this
query [NOKq].
Figure 7 Keyword semantic enrichment. For a literature search about the regulation of fatty acid metabolic process, we want to enrich the query
with the associated genes. The two genes PPAR and CAV1 are directly annotated by the GO term “Regulation of fatty acid metabolic process”
(GO:0019217). However, Gene Ontology inheritance properties say that every term inherits the meaning of all its ancestors. Consequently, genes
annotated by at least one descendant of the original term (BRCA1, ChREBP and APOA1) should also be considered.
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Last, GO2PUB proposes three additional options.
The ﬁrst option sets limits on the publication year.
The second option proposes an exhaustive search of the
oﬃcial synonyms of gene names. It searches Entrez geneh
for all the known synonyms for a gene. Since authors
sometimes use synonyms that are absent in the GOA
database in their articles, this option allows the users to
build more complete PubMed queries in order to obtain
more relevant results.
The third option toggles the display of the MeSH table
associated with each article.
Query rewriting using semantic expansion
Semantic expansion consists in following the semantic
inheritance through the GO graph in order to also con-
sider all the descendants of the GO terms speciﬁed by
the users. Then, the process retrieves the gene names
annotated with these terms.
GO2PUB uses these gene names and their synonyms as
additional keywords for PubMed queries. Figure 7 shows
that the expansion identiﬁes ﬁve genes associated with the
regulation of fatty acid metabolic process, instead of two
if the semantic inheritance is ignored.
GO2PUB retrieves all gene names annotated by each
GO term, directly or indirectly through the semantic
inheritance properties. It then builds a query on the
model “(n gene names, symbols or synonyms separated
by OR) AND (m species) AND (p MeSH terms)”. The
name, symbol and synonyms of each gene compose the
ﬁrst part of the query. They will be searched in title
and abstract. Species and keywords chosen by the users
make up the second part of the query. Finally, GO2PUB
submits to PubMed a query composed of gene names
annotated directly or indirectly by the GO terms chosen
by the users (name OR symbol OR Synonym), at least one
species and some MeSH terms and free keywords. This
big query is split into several smaller ones if it exceeds
PubMed server URL length limitation. GO2PUB compiles
the results and displays all citations numbered and sorted
by date.
Endnotes
awww.ncbi.nlm.nih.gov/pubmed
bwww.nlm.nih.gov/bsd/licensee/baselinestats.html
chttp://www.geneontology.org/GO.ontology.relations.
shtml
dgo daily-termdb-tables.tar.gz from http://archive.gene-
ontology.org/latest-termdb/go daily-termdb-tables.tar.gz
eftp://ftp.ebi.ac.uk/pub/databases/GO/goa/
fArabidopsis, Chicken, Cow, Human, Mouse, Rat and
Zebraﬁsh
ghttp://www.ncbi.nlm.nih.gov/Taxonomy
hhttp://www.ncbi.nlm.nih.gov/sites/entrez?db=gene
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1. DE´VELOPPEMENT D’UNE ME´THODE ET D’UN OUTIL DE RECHERCHE
BIBLIOGRAPHIQUE UTILISANT GO : GO2PUB 153
Conclusion
Notre outil GO2PUB a e´te´ capable de trouver des re´sultats pertinents ignore´s par
GoPubMed (Neuf re´sultats de la requeˆte Q1 e´taient spe´cifiques a` GO2PUB, sept de la
requeˆte Q2 et trois de la requeˆte Q3), meˆme en proce´dant a` une extension manuelle des
requeˆtes de GoPubMed. A` l’inverse, l’approche “text-mining” de GoPubMed a trouve´ des
articles pertinents ignore´s par GO2PUB (Un re´sultat de la requeˆte Q1 e´tait spe´cifique a`
GoPubMed, trois de la requeˆte Q2 et trois de la requeˆte Q3). Cela de´montre la perti-
nence de GO2PUB et sa comple´mentarite´ avec GoPubMed pour notre domaine d’inte´reˆt.
L’e´tude de ge´ne´ralisation a montre´ qu’un profil de re´sultat similaire e´tait obtenu en utilisant
des requeˆtes ge´ne´re´es ale´atoirement, en particulier lorsqu’on utilise des mots-cle´s pour
pre´ciser les requeˆtes. Cela sugge`re que les re´sultats de notre e´tude qualitative peuvent
eˆtre ge´ne´ralise´s.
Dans le cadre de cette the`se, GO2PUB a permi d’obtenir notamment de la biblio-
graphie concernant le me´tabolisme des lipides chez l’Homme, la souris et la poule. Une
grande partie des re´fe´rences pre´sentes dans le chapitre 1 consacre´ au contexte biologique
proviennent de GO2PUB.
2 Apport de la similarite´ se´mantique dans
la comparaison de ge`nes duplique´s
abbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbc
ddddddddddddddddddddddddddddddddddddddddddddd
The Duplicated Genes Database : Identi-
fication and Functional Annotation of Co-
Localised Duplicated Genes across Genomes
- RE´SUME´ -
Contexte : Le nombre d’e´tudes faisant un lien entre structure du ge´nome et
expression des ge`nes est en augmentation, avec une attention particulie`re
porte´e aux ge`nes duplique´s. Bien qu’initialement duplique´s a` partir d’une
meˆme se´quence, les ge`nes duplique´s peuvent diverger fortement au cours
de l’e´volution et de´velopper des fonctions ou une re´gulation d’expression
diffe´rentes. Cependant, les informations concernant la fonction et l’expression
des ge`nes duplique´s reste rare. Identifier des groupes de ge`nes duplique´s
dans diffe´rent ge´nomes et caracte´riser leur expression et leurs fonctions
serait par conse´quent d’un grand inte´reˆt pour la communaute´ scientifique. La
“Duplicated Genes Database” (DGD) a e´te´ de´veloppe´e dans ce but.
Me´thodologie : DGD contient des donne´es concernant neuf espe`ces. Pour
chaque espe`ce, des analyses de BLAST ont e´te´ conduites sur les se´quences
peptidiques correspondant aux ge`nes localise´s sur un meˆme chromosome.
Les groupes de ge`nes duplique´s ont e´te´ de´finis en fonction des re´sultats
de leur comparaison via BLAST par paires et en fonction de la localisation
chromosomique des ge`nes. Pour chaque groupe, les corre´lations de Pearson
entre les donne´es d’expression des ge`nes ainsi que la similarite´ fonctionnelle
base´e sur les annotations GO de ces ge`nes ont e´te´ calcule´es.
Conclusion : La “Duplicated Genes Database” fournit une liste de ge`nes du-
plique´s colocalise´s pour plusieurs espe`ces associe´e aux connaissances dispo-
nibles sur le niveau de co-expression et la valeur de similarite´ se´mantique entre
les ge`nes au sein de chaque groupe. L’ajout de ces donne´es aux groupes de
ge`nes duplique´s apporte une information biologique susceptible d’eˆtre utile a`
l’analyse d’expression de ge`nes. La “Duplicated Genes Database” est dispo-
nible sur le site de DGD a` l’adresse http://dgd.genouest.org.
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Abstract
Background: There has been a surge in studies linking genome structure and gene expression, with special focus on
duplicated genes. Although initially duplicated from the same sequence, duplicated genes can diverge strongly over
evolution and take on different functions or regulated expression. However, information on the function and expression of
duplicated genes remains sparse. Identifying groups of duplicated genes in different genomes and characterizing their
expression and function would therefore be of great interest to the research community. The ‘Duplicated Genes Database’
(DGD) was developed for this purpose.
Methodology: Nine species were included in the DGD. For each species, BLAST analyses were conducted on peptide
sequences corresponding to the genes mapped on a same chromosome. Groups of duplicated genes were defined based
on these pairwise BLAST comparisons and the genomic location of the genes. For each group, Pearson correlations between
gene expression data and semantic similarities between functional GO annotations were also computed when the relevant
information was available.
Conclusions: The Duplicated Gene Database provides a list of co-localised and duplicated genes for several species with the
available gene co-expression level and semantic similarity value of functional annotation. Adding these data to the groups
of duplicated genes provides biological information that can prove useful to gene expression analyses. The Duplicated Gene
Database can be freely accessed through the DGD website at http://dgd.genouest.org.
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Introduction
A growing body of literature has shown that eukaryotic genomes
contain groups of co-localised genes whose chromosomal location
plays a role in the regulation of gene expression [1,2,3,4,5,6,7,8].
Part of these groups stems from gene duplications. Although
duplicated genes are initially identical, they can evolve in different
ways after the duplication event [9]. Some can remain co-
regulated by retaining the same cis-regulatory motifs whereas
others acquire different patterns of expression, resulting in un-
correlated gene expression or even different tissue expression
patterns. There may even be discrepancies in the co-expression
patterns of duplicated genes depending on the genes or species
analysed. In yeast [10] and C. elegans [11] for example, expression
patterns are more similar between two duplicated genes than
between two randomly-selected genes. Conversely, there are also
reports of divergent profiles between duplicated genes according to
expression level [12,13] and spatial expression [14,15,16,17,18].
Identifying groups of duplicated co-localised genes at a genomic
scale for several species and characterizing both the expression and
function of these genes would help bring a larger overview on this
issue. While it is possible to get information on duplicated genes
through a single gene query (i.e. Ensembl via its paralog genes list
[19]), there is still no list of such duplicated genes available at
genome-wide scale. Other tools dedicated to phylogeny studies
only list duplicated genes without considering their co-location
[20,21]. In addition, none of these tools give any information on
gene expression level. Therefore, many researchers are forced to
identify duplicated genes in their species of interest ‘by hand’ and
then aggregate functional information from different sources
[22,23,24,25,26,27,28,29,30].
This situation is further complexified by the fact that gene
duplications can be divided into three major classes: 1) genomic-
level duplications generated from whole genome or chromosomal
duplication; 2) tandem duplications with genes closely localised in
the same chromosome region; 3) other duplications corresponding
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to genes with distant genomic locations [31]. In addition, recent
studies also show that chromatin structures play a role in the co-
expression of genes (for review, see [32]), including chromatin
loops [33] or chromosome pairing in RNA factories [34,35].
Therefore, the co-location of genes may play a role in the
regulation of their expression. For these reasons, we focused on
tandem duplicated genes or groups of genes from multigene
families (the above class 2 duplicated genes) further referred to as
‘‘groups of duplicated genes’’.
Here, we identified duplicated and co-localised genes from 9
different species. Co-expression and functional similarities between
these duplicated genes were also determined. All this data is
available through the Duplicated Genes Database (DGD) de-
veloped by our team.
Results
Database Implementation
The DGD workflow is depicted in Figure 1. In step one of the
process, pairwise BLAST analyses were performed for each gene
and each chromosome. These BLAST results were used with the
genomic location of the genes to determine groups of co-localised
duplicated genes. Gene annotations, i.e. name and description,
were also added.
In step two of the process, gene co-expression and semantic
similarity of GO annotations were determined. First, GEO
expression data and GO annotations were retrieved for each
duplicated gene. Then, after filtering the gene expression data,
pairwise Pearson correlations were computed for each pair of
genes in a group for each GEO dataset. The semantic similarity
value for each pair was computed using the method of Wang [36].
The DGD website outputs this data in a dynamic image linking
each gene in a group to the different values available.
Database Content
In total, the DGD contains 8411 groups of duplicated genes. By
species, the number of groups varies from 444 in Gallus gallus
(GGA) to 1412 in Danio rerio (DER) (Table 1). The number of
duplicated genes also varies according to species, ranging from
1251 genes in GGA to 6036 in Mus musculus (MMU). Surprisingly,
the majority of between-species variation comes from groups of 2
and 3 genes, whereas the numbers of groups of 4 and more genes
are fairly similar (Figure 2). Mammalian species have similar
patterns, except in Sus scrofa (SSC). The highest number of groups
of 2 and 3 duplicated genes are found in DER (1132 groups) and
SSC (1080 groups), while GGA has fewer duplicated groups than
other species.
There are also differences between species according to size of
the groups. The median size of duplicated groups is 105 kb in
humans (HSA), with other species having fairly similar values,
ranging from 58 kb in GGA to 248 kb in horse (ECA) (Table 2).
Mean size is 641 kb in humans, and ranges from 601 kb in pig
(SSC) to 1360 kb in rat (RNO). Gene number of the largest group
is 77 in humans (corresponding to a group of olfactory receptor
genes), and ranges from 428 genes in Danio rerio (corresponding to
a Zinc finger genes group) down to 62 genes in Gallus gallus (an
unidentified genes group as no annotations were available,
although the Pfam database [37] reported a keratin domain).
The gap between species gets even larger when considering
functional annotations and gene expression information. The
percentage of groups of genes used for gene expression compar-
isons fluctuates strongly between humans (94%) or mice (93%) and
fish (24%) or horse (0%). Similar variations exist for functional
annotations: 83% and 88% of duplicated genes in humans and
mice are annotated by GO terms in the GOA database versus just
12% and 25% in chicken and pig groups (Table 1).
Database Content Analyses
The pairwise Pearson correlations on the gene expression and
semantic similarity values of the groups of duplicated genes were
characterised in humans (Figures 3 and 4) and compared to results
obtained from non-duplicated co-localised genes or randomly
selected genes. These gene expression analyses were led on groups
of 5 or less genes, as expression data for larger groups is often too
incomplete to enable meaningful analysis. The same approach was
applied for the analysis of semantic similarities in GO annotations
(GOA), but with a maximum of 15 genes per group. Interestingly,
the proportion of significant correlation was higher in groups of
duplicated genes than in co-localised non-duplicated genes or
genes randomly selected on the genome (figure 3A). The same
results were observed when analyses were performed according to
size of the group (figure 3B). Note that the proportion of significant
correlation is similar between co-localised non-duplicated genes
and genes randomly selected on the genome. Similar results were
observed on semantic similarities, with higher values for duplicated
genes than for randomly-selected genes whatever the number of
genes in the group (figure 4A and 4B). This was not only the result
of a higher proportion of electronic annotations (IEA) inferred
from sequence similarities between these duplicated genes. Indeed,
although IEA proportion increased with the number of duplicated
genes in the groups, it was far lower in humans, for which 76% of
the groups have been annotated, and in mouse, which is another
‘well-annotated’ species (88%), than in relatively ‘poorly-annotat-
ed’ species’ such as ECA (42%) and SSC (at just 25%; see Table
S1) in which most of the annotations are IEA (figure S1).
Database Interface
DGD has a web GUI handling queries in two major sections _
the browse page and the search page. The browse page gives
direct access to database content for a species, a specific
chromosome, or a defined genomic region. The search page
allows users to run database queries for different terms using
specific gene ID (Ensembl, Uniprot, RefSeq, GenBank, among
others…), chromosomal location (chr:start.end) or any keywords
(e.g. GTPase, death, fatty acids, etc.) that are searched for in the
gene description. Users can perform multiple queries by typing
several of these terms into the input box or by uploading a text file
with the terms to search. In all cases, the search can be performed
across all species or limited to a specific species. The DGD website
search engine runs the query in the whole Ensembl dataset and
cross-references database, and displays all the results even if the
genes are not included in any co-localised and duplicated groups.
When a specific group of duplicated genes is selected, each gene
is described by name (HGNC), by chromosome and by base pair
location. The proportion of experiments with significant correla-
tion of expression and the semantic similarities between genes in
biological process, molecular function and cellular component
gene ontology terms are also shown as a graph if the information is
available.
Cross-references can be added to this display (functional
annotation, various gene IDs from others databases). Users should
note that the lists of cross-references are species-dependent, and so
this feature is disabled for queries across all the species. The
display gives hyperlinks to the selected cross-reference databases.
For both browse pages and search pages, users can choose
between different export formats or display modes (lists of genes or
lists of groups, in tab-delimited file format).
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DGD is publicly available as a SOAP web service that has been
implemented in Java using the Opal2 toolkit [38]. The DGD web
service only accepts Ensembl gene IDs as search input and cannot
return external references directly. However, a second web service
named Xref dedicated to cross-references management is available
on the Genouest server [39]. For a given set of genes, the Xref web
service searches corresponding Ensembl genes using cross-refer-
ences, and returns a set of external references for the given set of
genes. Thus, users should use the Xref web service in contexts
when they need conversions between Ensembl gene IDs and other
identifiers. Full developer documentation, WSDL files, code
examples, and Taverna workflows are all available for both
services via the DGD website.
Discussion
The goal of the DGD database was to provide information on
co-localised duplicated genes. To this end, two parameters had to
be defined: the sequence similarity threshold between two genes,
Figure 1. DGD workflow. Description of the DGD database development process, from sequence similarity analyses and integration of gene
annotation data from NCBI, Ensembl and HGNC websites to the integration and computation of functional data from GEO (Gene Expression
Omnibus) and GOA (Gene Ontology Annotation).
doi:10.1371/journal.pone.0050653.g001
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and the maximum distance defining duplicated genes as co-
localised. The literature features various different approaches
developed for detecting duplicated genes. Most of these
approaches revolve around sequence comparisons using either
FASTA [9,16,40] or BLAST [28,41,42]. The threshold values
defined by these comparison tools are generally based on 1) a first
selection based on an e-value threshold to remove non-relevant
sequence comparison results, and 2) the value defined by Rost
[43], who proposed a formula using percentage identity and length
of the alignment between the two sequences. Note that some
studies have only used the e-value and a minimum alignment
coverage threshold [25,42]. Here, we applied another approach
first proposed by Li et al. [44] that computes another identity value
I’, weighting the initial identity value with the number of amino
acids and the length of the aligned region. This improvement
avoids the clustering of non-homologous genes that share the same
domain, such as when a short protein shares domains with a longer
protein. The threshold values proposed by Li et al. were used to
define the groups of pairwise duplicated genes (i.e. I’$30% for
alignment .150 aa and I’$p’ from Rost for alignment ,150 aa).
Using these more stringent thresholds instead of those of the
Ensembl database (2%–24%) results in a conservative approach
that is expected to reduce the number of false-positives.
Another major parameter that dictates the definition of groups
of duplicated genes is size of the gene window. In the literature, the
maximum distance within which duplicated genes are considered
as co-localised is defined using either a physical distance [22,27] or
a window including n genes [29,30]. The physical distance
approach may be more stringent but it has a major pitfall: as
genome length and gene density are not the same in the different
species, the distance has to be defined in a species-specific way
(from 200 kb for C. elegans to 1 Mb for H. sapiens, for instance). The
gene window approach, however, is compatible with many species
and is not sensitive to gene density variability between chromo-
somes and between species. Here, duplications were searched
within a window of 100 genes. Although at first sight this may
seem a large number, the median size of the duplicated groups
reported here was 105 kb in humans and was fairly similar in
other species, with values ranging from 58 kb in chicken to 248 kb
in horse. This suggests that the duplicated genes identified are
closely localised, and that defining distance as a number of genes
rather than a physical distance does not greatly affect the genomic
size of the groups.
The total number of groups of duplicated genes differs between
species (Figure 2). These differences are observed mainly in groups
containing two or three duplicated genes and between mammalian
species and other species. In mammals, the only exception is the
pig, for which the genome assembly is of poor quality, which could
lead to the identification of false-positive groups of duplicated
genes. This artificially increases the number of small groups of
Figure 2. Distribution of the number of groups of duplicated genes according to number of duplicated genes. BTA: Bos taurus; CAF:
Canis familiaris; DER: Danio rerio; ECA: Equus caballus; GGA: Gallus gallus; HSA: Homo sapiens;MMU:Mus musculus; RNO: Rattus norvegicus and SSC: Sus
scrofa.
doi:10.1371/journal.pone.0050653.g002
Table 1. Statistics on DGD content.
HSA MMU RNO CAF GGA BTA DER ECA SSC
Total peptides 74640 40732 32948 25559 22194 26977 28630 22641 19083
Non-redundant peptides 47313 30659 24812 22383 19371 23833 26204 21551 18273
Groups 964 1008 959 751 444 798 1412 894 1229
Genes in groups 3710 6036 4899 2647 1251 3714 5830 4601 4210
For each species (Bos taurus (BTA), Danio rerio (DER), Canis familiaris (CAF), Gallus gallus (GGA), Equus caballus (ECA), Homo sapiens (HSA), Mus musculus (MMU), Rattus
norvegicus (RNO) and Sus scrofa (SSC)), the numbers of peptide sequences used in the analyses (only non-redundant) are reorted here with the number of peptide
sequences initially available (total).
doi:10.1371/journal.pone.0050653.t001
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duplicated genes. In chicken and zebrafish, part of the differences
could be assigned to the phylogeny distance with mammals [45].
Every species featured some very large groups, ranging from 62
genes in GGA to 428 genes in DER. In humans, the largest groups
include T-cell receptor genes, zing finger genes, immunoglobulin
genes, or notoriously highly duplicated olfactory receptor genes
[46]. In fact, it is possible to find clear false-positive groups due to
errors in the genome assemblies, especially for most current
genomes that, like the pig, are what Yandel and Ence (2012) called
‘standard draft assembly’ genomes [47]. However, as the DGD
database is updated at each Ensembl update cycle, we expect to
see genome assembly errors fixed in the future.
Gene co-expression level and functional similarity in GO
annotations can be combined inside a group by computational
processes on data from GEO and GOA. We thus tested a few
hypotheses using the human data. The first and highly contro-
versial hypothesis is that gene co-expression might be higher in
groups of duplicated genes than in groups of randomly-selected
genes [10,11,12,13]. As illustrated in Figure 3A, co-localised
duplicated genes have a higher proportion of significant co-
expression than co-localised non-duplicated genes or genes
randomly selected in the genome. This difference is observed
whatever the number of genes within the groups (Figure 3B).
Another interesting hypothesis to test was whether there is
functional conservation or divergence between duplicated genes
[9]. Comparing GO semantic similarities between co-localised
duplicated genes against randomly-selected genes revealed that
annotated biological processes present much higher similarities
between co-localised duplicated genes (Figure 4A). Surprisingly,
the similarity between genes significantly increases with group size
(Figure 4B). This is probably due to a lack of ‘‘specific’’ annotation
when the number of duplicated genes does not allow experimental
validations. Indeed, for most of the genes annotated in the large
duplicated groups, the annotation was automatically inferred from
electronic annotation (IEA evidence code). As shown in figure S1,
this is particularly true in species for which annotation is qualified
as ‘‘poor quality’’, the best examples being ECA and SSC with
42% and 25%, respectively, of the groups annotated with almost
all GO terms inferred electronically (IEA), but less so in model
species (HSA, MMU, and to a lesser extent RNO) for which
annotation is qualified as ‘‘good quality’’. Taken together, these
results clearly suggest that, at least in humans, tandem and multi-
duplicated genes show higher co-expression levels and similarity of
functional GO annotations than other genes.
Table 2. Statistics for the groups of duplicated genes.
HSA MMU RNO CAF GGA BTA DER ECA SSC
Mean group size (kb) 641 1007 1360 1317 892 1167 666 3368 601
Median group size (kb) 105 144 235 165 58 154 111 248 151
Maximum number of genes in largest groups 77 267 217 133 62 174 428 171 164
For each species (Bos taurus (BTA), Danio rerio (DER), Canis familiaris (CAF), Gallus gallus (GGA), Equus caballus (ECA), Homo sapiens (HSA), Mus musculus (MMU), Rattus
norvegicus (RNO) and Sus scrofa (SSC)), the mean and median genomic size (in kb) of the groups and the maximum number of genes in the largest groups are indicated.
doi:10.1371/journal.pone.0050653.t002
Figure 3. Proportion of significant correlations. Boxplots of significant correlations of expression for duplicated genes (blue), non-duplicated
genes (orange) and randomly-selected genes (yellow). (A) Correlations for all groups of genes. Means with a different letter are significantly different
according to Student’s R t-tests at p,0.05 (n = 3320, 2760 and 13605, respectively). (B) Correlations according to the number of genes within groups.
For every group size, the means of each type of group are significantly different (p,0.05).
doi:10.1371/journal.pone.0050653.g003
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Conclusion
This database provides a simple way to quickly and easily find
groups of tandem duplicates or large groups of multigene families
by gene identifier, chromosomal location and/or keywords. Gene
co-expression level and semantic similarities in functional annota-
tions are also displayed when raw data is available. DGD is the
first database to integrate this genomic information on co-localised
duplicated genes with gene expression data and GO annotation
similarity. This database can be readily expanded to other
genomes as long as genomic annotations and peptide sequences
are available.
Materials and Methods
Sequence Data
As shown in Figure 1, peptide sequences and chromosomal
location of the genes were downloaded from the Ensembl FTP site
[48] (Ensembl version 68) for 9 species: Bos taurus (BTA), Danio rerio
(DER), Canis familiaris (CAF), Gallus gallus (GGA), Equus caballus
(ECA), Homo sapiens (HSA), Mus musculus (MMU), Rattus norvegicus
(RNO) and Sus scrofa (SSC). For each gene, only the longest
peptide sequence was kept (peptide sequence numbers are given in
Table 1).
Identification of Duplicated Genes
Duplicated genes were identified using a two-step strategy. For
each genome, a BLAST search was conducted between all peptide
sequences of the genes in a chromosome. To determine whether
two peptides were similar, we computed identity I’ = I x Min(n1/
L1,n2/L2) proposed by Li et al. [44], where I is the proportion of
identical amino acids in the aligned region (including gaps)
between sequences 1 and 2, Li is the length of sequence i, and ni is
the number of amino acids in the aligned region in sequence i.
Two genes were considered duplicates if an all-against-all BLAST
search within a window of 100 genes [29,30] met the following
criteria: i) e-value is #0.2 (only to filter non-relevant BLAST
results); ii) I’ $30% if L $150 a.a. (where L is the length of the
aligned region) or I $0.01n+4.8L20.32(1+exp(2L/1000)) [43] if L
,150 a.a. (where n= 6 as it makes the formula continuous at
L= 150), as proposed by Li et al. [44]. Within the best BLAST hits
for a given gene query, we selected the ‘‘hit’’ gene that had the
closest chromosomal location downstream of the gene queried.
Duplicated gene groups were then put together based on the
principle of a simple transitive link between the remaining genes: if
gene A was similar to gene B and to gene C, then genes A, B and
C were included in the same group, even if genes B and C were
not found similar. Chromosomal location information and gene
annotations (name and description) of each gene for all duplicated
groups were then incorporated into a MySQL database.
Database Objects
For each species, Ensembl cross-references [48] were integrated
into the MySQL database to enable queries on specific genes using
an Ensembl or HGNC keyword. In addition, data on Ensembl
objects (genes, transcripts and translations) as well as other
database objects (NCBI, etc.) were also collected to be displayable
in the results page if needed. The list of available reference sources
was specific to each species depending on the sources found in the
Ensembl dataset. For each gene, the external references displayed
are those associated to the gene and to any of its transcripts and
any of the corresponding translations.
Figure 4. Distribution of semantic similarities. (A) Distribution of GO biological process semantic similarities in duplicated gene groups (blue)
vs. randomly-selected gene groups (yellow). Means with a different letter are significantly different according to Student’s R t-tests at p,0.05. (B)
Details of the same distribution with groups pooled by size. The mean of each duplicated group is significantly different from the mean of each
randomly-selected genes group (p,0.05). Note: no data were available for the group with 11 genes.
doi:10.1371/journal.pone.0050653.g004
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Functional gene annotations were retrieved from the Gene
Ontology Annotation (GOA) database [49]. The GO structure
used to compute similarity was obtained from the term and
term2term tables of the GO database [50].
All database updating procedures have been incorporated into
the BioMaj workflow engine [51] to integrate future updates at
each new Ensembl database version.
Gene Expression Correlations Using GEO
The HGNC id of each duplicated gene was searched through
the annotation platform (GPL) of the Gene Expression Omnibus
(GEO) database [52]. The corresponding GEO experiments
(GSE) were extracted. Only GSE expression data that satisfied
the following conditions were kept: a) a minimal number of 3
samples available; b) the genes of a duplicated group were all
present within the GSE; c) GSE with null values or always the
same value were discarded.
For each group of duplicated genes and for each GSE, the
Pearson correlation and associated p-value were computed
between each gene pair using a bilateral test, and the proportion
of significant correlations for each gene pair within a group of
duplicated genes was retrieved.
To assess whether co-localised duplicated genes had a higher
proportion of significant correlations, we ran this same procedure
on non-duplicated genes that were selected as i) co-localised or ii)
randomly distributed among the human genome. The proportions
of significant correlations between conditions were tested using
a Student t-test.
Similarities in GO Annotations
Semantic similarities in GO annotations were determined using
Wang’s method [36] and computed pairwise in a group every time
at least two annotated genes were found. As GO is split into three
different branches – Biological Process, Molecular Function and
Cellular Component – three similarity values were computed for
each pairwise comparison. All the similarity values calculated with
this method were bounded from 0 to 1. The higher the similarity
value, the more the compared genes shared the same biological
functions. Wang considers two genes as fairly similar at a similarity
value of 0.5.
Supporting Information
Figure S1 Proportion of IEA according to duplicated
gene number in the groups in nine species.
(TIF)
Table S1 Description of DGD groups annotated for
Gene Ontology. For each species, the number of groups, the
number of annotated groups with GO terms and the percentage of
groups annotated are indicated.
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2. APPORT DE LA SIMILARITE´ SE´MANTIQUE DANS LA COMPARAISON DE
GE`NES DUPLIQUE´S 163
Conclusion
La “Duplicated Genes Database” (DGD) procure une moyen simple et rapide de trou-
ver des groupes de ge`nes duplique´s en tandem ou des grands groupes compose´s de
familles multi-ge´niques a` partir d’un identifiant de ge`ne, d’une localisation chromosomique
ou de mots-cle´s. Les donne´es de co-expression des ge`nes ainsi que les valeurs de simila-
rite´s de leurs annotations fonctionnelles (GO) sont aussi fournies quand disponibles. DGD
est la premie`re base de donne´es a` inte´grer cette information ge´nomique sur des ge`nes
duplique´s co-localise´s avec leurs donne´es d’expression et les similarite´s base´es sur leurs
annotations GO. Cette base de donne´es peut eˆtre aise´ment e´tendue a` d’autres ge´nomes
tant que des annotations ge´nomiques et des se´quences peptidiques sont disponibles.
Ces travaux ont e´te´ re´alise´s avant le de´veloppement de notre mesure de particula-
rite´ se´mantique, qu’il serait inte´ressant d’appliquer aux ge`nes des groupes de DGD. Il
est e´galement inte´ressant de noter que d’apre`s le boxplot de la Figure 4 qui concerne la
comparaison sur BP d’ensembles de ge`nes a priori similaires (S) car duplique´s et non simi-
laires (N), le seuil de similarite´ τsim de 0.4 que nous avons obtenu un an apre`s les travaux
pre´sente´s ici tombe entre la moustache infe´rieure de la boıˆte bleue (S) et la moustache
supe´rieure de la boıˆte jaune (N), de´signe´es respectivement par τN et τS dans l’article
du chapitre 4. Les distributions utilise´es ici se comportent comme celles de cet article et
confortent la de´marche utilise´e pour de´finir un seuil de similarite´.
3 E´tude de l’e´volution de la complexite´ de
Gene Ontology
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Measuring the Evolution of Ontology Com-
plexity : The Gene Ontology Case Study
- RE´SUME´ -
Les ontologies supportent le partage automatique, la combinaison et l’analyse
de donne´es biologiques. Elles subissent une maintenance et un enrichisse-
ment re´gulier. Nous avons e´tudie´ l’influence de l’e´volution d’une ontologie sur
sa complexite´ structurale. Comme e´tude de cas, nous avons utilise´ les soixante
versions mensuelles entre janvier 2008 et de´cembre 2012 de Gene Ontology
et de ses trois branches inde´pendantes, i.e. biological processes (BP), cellular
components (CC) et molecular functions (MF). Pour chaque cas, nous avons
mesure´ la complexite´ en calculant des me´triques relatives a` la taille, la connec-
tivite´ des nœuds et la structure hie´rarchique. Le nombre de classes et de rela-
tions a augmente´ de manie`re monotone pour chaque branche, avec diffe´rents
taux de croissance. Nous avons constate´ que BP et CC ont une connectivite´
similaire, supe´rieure a` celle de MF. La connectivite´ a augmente´ de fac¸on mono-
tone pour BP, diminue´ pour CC et est reste´e stable pour MF, avec une augmen-
tation marque´e pour les trois branches en novembre et de´cembre 2012. Les
mesures relatives a` la hie´rarchie ont montre´ que CC et MF avaient des pro-
portions similaires de feuilles, et une profondeur moyenne et hauteur moyenne
similaires e´galement. BP avait une plus faible proportion de feuilles ainsi qu’une
profondeur moyenne et une hauteur moyenne plus haute. Pour BP et MF, l’aug-
mentation de connectivite´ fin 2012 a re´sulte´ en une augmentation de la profon-
deur moyenne et de la hauteur moyenne et en une diminution de la proportion
de feuilles, indiquant un effort d’enrichissement majeur du niveau moyen de la
hie´rarchie. La variation du nombre de classes et de relations dans une ontologie
ne donne pas assez d’information au sujet de l’e´volution de sa complexite´. Ce-
pendant, la connectivite´ et les me´triques relatives a` la hie´rarchie ont re´ve´le´ des
profils diffe´rent de valeurs aussi bien que d’e´volution pour les trois branches de
Gene Ontology. Nous avons constate´ que CC e´tait similaire a` BP en terme de
connectivite´, et similaire a` MF en terme de hie´rarchie des concepts. Globale-
ment, la complexite´ de BP a augmente´, CC a subi un ajout de feuilles permet-
tant un niveau d’annotations plus fin, mais diminuant le´ge`rement sa complexite´,
et la complexite´ de MF est reste´e stable.
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Abstract
Ontologies support automatic sharing, combination and analysis of life sciences data. They undergo regular curation and
enrichment. We studied the impact of an ontology evolution on its structural complexity. As a case study we used the sixty
monthly releases between January 2008 and December 2012 of the Gene Ontology and its three independent branches, i.e.
biological processes (BP), cellular components (CC) and molecular functions (MF). For each case, we measured complexity
by computing metrics related to the size, the nodes connectivity and the hierarchical structure. The number of classes and
relations increased monotonously for each branch, with different growth rates. BP and CC had similar connectivity, superior
to that of MF. Connectivity increased monotonously for BP, decreased for CC and remained stable for MF, with a marked
increase for the three branches in November and December 2012. Hierarchy-related measures showed that CC and MF had
similar proportions of leaves, average depths and average heights. BP had a lower proportion of leaves, and a higher
average depth and average height. For BP and MF, the late 2012 increase of connectivity resulted in an increase of the
average depth and average height and a decrease of the proportion of leaves, indicating that a major enrichment effort of
the intermediate-level hierarchy occurred. The variation of the number of classes and relations in an ontology does not
provide enough information about the evolution of its complexity. However, connectivity and hierarchy-related metrics
revealed different patterns of values as well as of evolution for the three branches of the Gene Ontology. CC was similar to
BP in terms of connectivity, and similar to MF in terms of hierarchy. Overall, BP complexity increased, CC was refined with
the addition of leaves providing a finer level of annotations but decreasing slightly its complexity, and MF complexity
remained stable.
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Introduction
The problem of ontology quality variation
Ontologies are instrumental for sharing, combining and
analyzing life sciences data [1]. Ontologies evolve through regular
modifications related to curation or to enrichment [2]. Existing
metrics quantifying the changes rely on the variation of the
number of classes, of the number of properties, or for the most
sophisticated, of the number of restrictions [3]. For example, the
Ontology Evolution Explorer OnEX provides access to approx-
imately 560 versions of 16 life science ontologies. It allows a
systematic exploration of the changes by generating evolution
trend charts and inspection of the added, deleted, fused and
obsolete concepts [4]. The underlying assumption of these
approaches is that for ontologies, the more classes and properties,
the better.
However, the creation of a new class could decrease the overall
quality of the ontology, whereas previous measures would
increase. Likewise, deleting an erroneous class would increase
the overall quality of the ontology, but previous measures would
decrease. Moreover, these measures are not affected if one class is
moved from one location to another, nor if one class is deleted and
another one added.
Related general approaches
Together with OnEX, GOMMA is a generic infrastructure for
managing and analyzing life science ontologies and their evolution
[3]. It provides advanced comparison capabilities of two versions
of an ontology. Its Region Analyzer identifies evolving and stable
regions of ontologies by determining the cost of different change
operations such as deletions and additions.
Malone and Stevens measured the activity of an ontology by
analyzing the additions, deletions and changes as well as the
regularity and frequency of releases [5] on 5036 versions of 43
ontologies. They successfully identified five profiles of activity
(initial, expanding, refining, optimizing and dormant).
While the previous two approaches focused on changes by
analyzing ontology variations, others took a static perspective on
ontology analysis. OntoClean is a formal method for structuring
and analyzing ontologies based on metaproperties of classes
(identity, unity, rigidity and dependence) [6]. To our knowledge,
there is no effort to apply this method to the GO. Ko¨lher et al.
developed the GULO (Getting an Understanding of LOgical
definitions) Java package for automatic reasoning on classes logical
definitions [7]. Its exploits the logical definitions and the explicit
cross-references between ontologies to compare the relations in the
ontology of interest with relations inferred from the references
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ontologies. This facilitates the systematic detection of omissions
and incompatibilities. Shchekotykhin et al. proposed an entropy-
based approach for localizing faults when debugging ontologies
[8]. Yao et al. formally defined metrics of an ontology’s fit with
respect to published knowledge in the form of other ontologies and
of scientific articles [9]. Hoehndorf et al. propose a method to
evaluate biomedical ontologies for a particular problem by
quantifying the success of using the ontology for this problem
[10]. Comparing the measures of success of two versions of an
ontology for the same problem would provide an indication of the
relevance of the modifications.
These generic solutions were completed by various ontology-
specific efforts to detect inconsistencies or ambiguities, such as the
Unified Medical Language System (UMLS) [11], the Medical
Entities Dictionary [12], the Cancer Biomedical Informatics Grid
(CaBIG) [13], the NCI Thesaurus (NCIt) [14]. Other approches
relied on the ontology structure, e.g. for the Foundational Model
of Anatomy (FMA) [15] or on logical definitions of classes, e.g. on
the Cell Ontology [16] or SNOMED-CT [17].
Yao et al. provide a review of ontology evaluation and identified
four categories: (1) measures of an ontology’s internal consistency,
(2) usability and task-based performance, (3) comparison with
other ontologies and (4) match to reality [9].
Ontology complexity as a measurable proxy for ontology
quality
There is a need for a finer grain measure of the quality of an
ontology which would allow a better assessment of the impact of a
change or of a set of changes. One of the difficulties of defining
and measuring the quality of an ontology is that it refers to how
well the ontology reflects reality, of which we have an incomplete
and imperfect understanding. Ontology complexity is an aspect of
quality more amenable to formal analysis. Moreover, it focuses on
an intrinsic feature of an ontology, not its suitability for a
particular task.
None of the previous general efforts addresses the question of
the impact of the changes on the ontology complexity. We propose
an approach based on ontology complexity. Compared to Yao et
al.’s four categories of ontology evaluation [9], it offers a
complementary view but is different from ontology’s internal
consistency.
Measures of ontology complexity
As a test-case, we focus on the Gene Ontology (GO). This
ontology is one of the most widely used and actively maintained in
the biomedical domain [18]. Among the keys of its success are its
continuous evolution and its active curation [19]. Recent efforts
focused on improving the modeling of apoptosis and cardiac
conduction, and on increasingly using the Web Ontology
Language OWL in the GO infrastructure, which in turn supports
TermGenie (http://go.termgenie.org/) to automatically place
terms in the hierarchy [20].
We investigated whether GO structural complexity increased
monotonously over the last five years, as did its size. We focused
on the study of nodes’ connectivity and of the graph’s hierarchy,
based mostly on the subsumption relation. In the discussion, we
compare our approach to other works focusing on GO evolution.
Resources and Methods
Structure of the gene ontology
The Gene Ontology is a collaborative effort to deliver a species-
independent uniform vocabulary for describing gene products
[18]. Its classes, also called ‘‘GO terms’’ are organized in three
separate branches describing gene products’ molecular functions
(MF), the biological processes (BP) they participate in and their
location in cellular components (CC).
GO also recognises that these classes can have different
granularities, i.e. different levels of precision, or be connected by
several relations. It organizes them as a directed acyclic graph that
supports reasoning (http://www.geneontology.org/GO.ontology.
relations.shtml).
Within each branch, the classes are connected by three kinds of
relations. The classes are organized in a taxonomy with occasional
multiple inheritance along the is a relation which connects a
subclass to its superclass (for example, ‘‘Carbohydrate metabolic
process’’ (GO:0005975) is a subclass of both ‘‘Organic substance
metabolic process’’ (GO:0071704) and ‘‘Primary metabolic
process’’ (GO:0044238)). The part of relation connects a part to
a whole (for example, ‘‘Golgi cisterna’’ (GO:0031985) is a part of
‘‘Golgi stack’’ (GO:0005795)). The regulates relation connects a
regulator process to a regulated process (for example, ‘‘Regulation
of meiosis’’ (GO:0040020) regulates ‘‘Meiosis’’ (GO:0007126)).
Contrary to the is a and part of relations, regulates has two more
specific subrelations: positively regulates and negatively regulates.
Table 1. Ontology complexity metrics.
Ontology aspect Metrics Scope Definition
Size jCGOj Global Number of classes in GO
jRisaj Global Number of is a relations in GO
jRpartof j Global Number of part of relations in GO
jRregulatesj Global Number of regulates relations in GO
Connectivity Average degree Local 2*(jRisajzjRpartof jzjRregulatesj)/(jCGOj)
Av. nb is a Local (jRisaj)/(jCGOj)
Av. nb part of Local (jRpartof j)/(jCGOj)
Av. nb regulates Local (jRregulatesj)/(jCGOj)
Hierarchy Proportion of leaves Global (Nb of classes with no subclasses)/(jCGOj)
Av. height Local
P
(max length of path from node to leaf)/(jCGOj)
Av. depth Local
P
(max length of path from node to root)/(jCGOj)
Description of the metrics used to quantify the complexity variations of an ontology. The definitions are given for GO and can be adapted to BP, CC and MF.
doi:10.1371/journal.pone.0075993.t001
Evolution of Ontology Complexity: GO Case Study
PLOS ONE | www.plosone.org 2 October 2013 | Volume 8 | Issue 10 | e75993
This leads to a systematic modeling pattern where each regulation
process has two subclasses representing the positive and negative
regulation processes (the subclasses of ‘‘Regulation of meiosis’’
(GO:0040020) are ‘‘Positive regulation of meiosis’’ (GO:0045836)
and ‘‘Negative regulation of meiosis’’ (GO:0045835)), and each of
them is connected to the process they regulate (here, ‘‘Meiosis’’
(GO:0007126)) by either regulates, positively regulates or nega-
tively regulates.
Successive gene ontology versions
We retrieved the 60 successive Gene Ontology monthly releases
between January 2008 and December 2012 in the OBO format
from the Gene Ontology archives (files gene_ontology_edit.obo.2008-
01-01.gz to gene_ontology_edit.obo.2012-12-01.gz at http://www.
geneontology.org/ontology-archive/).
Each of them was converted to the OWL format using Prote´ge´
(http://protege.stanford.edu/).
The January and February releases from 2009 appeared to be
identical. A personal communication with the Gene Ontology
support team confirmed the error and pointed to revision 5.930
from January 31, 2009 from the CVS repository (http://cvsweb.
geneontology.org/cgi-bin/cvsweb.cgi/go/).
The January 2012 monthly release was not generated. We
replaced it by the daily release, which had not changed between
24th December 2011 to 3rd January 2012.
Methods
In order to characterize the evolution of the GO complexity from
January 2008 to December 2012, we followed a four-step approach.
First, we studied the evolution of the number of classes and relations
as a baseline. This gave global indications on the size of the graph.
Second, we used several directed acyclic graph (DAG) metrics
reflecting the nodes connectivity. This gave local indications on the
nodes. Third, we used tree and directed graph hierarchy-related
metrics reflecting the graph topological structure. This gave global
Figure 1. Evolution of the number of classes of the three branches of the Gene Ontology. Biological process (BP), Cellular component (CC)
and Molecular function (MF).
doi:10.1371/journal.pone.0075993.g001
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indications on the ontology semantics. Fourth, we controlled
whether our metrics are able to tell the difference between the
real modifications as observed between two successive versions of
the ontology, and some random modifications. The idea is that
failing to do so would question the relevance of the metrics. We used
the February 2010 version of the GO as a baseline. We compared
randomly-generated ontology modifications with the March 2010
version in order to study whether or not the previous metrics could
discriminate randomly-generated ontology modifications from
genuine ones.
During our study, we considered the Gene Ontology both as a
whole and by distinguishing its three branches: BP, CC and MF.
The branches had different relative sizes. In December 2012, BP
represented approximately 66% of the total number of classes, CC
represents 8% and MF 26%. The rationale was to detect if some
variations of one branch were compensated by some other branch,
and to determine if the evolution of the Gene Ontology was
uniform among BP, CC and MF.
The modeling pattern for representing process regulation results
in each positive or negative regulation relation being systematically
subsumed by a regulates relation at the superclass level. In order to
avoid counting relations multiple times, we only considered the
regulates relation.
Complexity metrics
In this section, we define the graph metrics used to study the
evolution of size, connectivity and of topology of GO. Throughout
the paper, we used ‘‘metrics’’ to refer to a formula, and ‘‘measure’’
to refer to the value of a metrics. Table 1 summarizes the formal
definitions for the metrics used in the first three steps. We adapted
the generic framework proposed by Hartung et al. to study the
structural changes occurring within ontologies [2]. An ontology
modeled as a directed graph is represented by a pair SC,RT where
C is the set of the classes of the ontology (the nodes of the graph),
and R is the set of the typed relations between the classes (the
edges). Ris a is the set of the is a relations between classes
(Ris a5R). Similarly, Rpart of and Rregulates represent the sets of
part of and regulates between the classes (R~Ris a|Rpart of|
Rregulates).
The size of an ontology depends on its number of classes and its
number of relations. jCGOj represents the number of classes in
GO. Likewise, jCBPj, jCCC j and jCMF j represent the respective
numbers of classes of the BP, CC and MF branches. jRis aj
represents the number of is a relations in GO. Similarly, jRpart of j
and jRregulatesj represent the respective numbers of part of and
regulates relations. Branch-specific variations such as jRis a,BPj
representing the number of is a relations in BP are defined
similarly.
Connectivity measures differentiate a sparse graph from a
complete graph. The degree of a node is the number of nodes it is
directly connected to. Comparing the successive values of the
average degree indicated if the graph became more sparse of more
dense regardless of the evolution of its size. We used degree-related
metrics such as the average number of is a, part of and regulates
relations to examine these relations contributions to the average
degree.
Ontologies are not only directed acyclic graphs. They also
follow a principled hierarchical organization based on the is a
relation. Throughout the paper, we used ‘‘graph topology’’ when
refering to relations in general, and ‘‘graph hierarchy’’ when
refering to metrics taking the semantics into account. In the
evolution of an ontology we expect classes to be added at each
levels of the hierarchy: close to the root, in the middle, and as
leaves (i.e. classes that have no subclasses). Because of inheritance,
modifications of an is a relation between two nodes has remote
consequences on their descendants and ancestors. To reflect this
principled organization of an ontology, we used several hierarchy-
related metrics. We computed the proportion of leaves, and nodes’
Figure 2. Evolution of the number of relations of the Gene Ontology (top left) and its Biological process (top right), Cellular
component (bottom left) and Molecular function (bottom right) branches.
doi:10.1371/journal.pone.0075993.g002
Table 2. Gene Ontology complexity variations.
BP CC MF
Jan 2008 Dec 2012 % Jan 2008 Dec 2012 % Jan 2008 Dec 2012 %
Nb. classes 14,369 24,335 +69.36% 2,046 3,080 +50.54% 8,216 9,520 +15.87%
Nb. relations 25,719 55,341 +115.18% 3,908 5,919 +51.46% 9,583 11,430 +19.27%
Nb. is a 21,563 43,524 +101.85% 3,062 4,647 +51.76% 9,581 11,421 +19.20%
Nb. part of 4,156 5,323 +28.08% 846 1,272 +50.35% 2 9 +350.00%
Nb. regulates 0 2,429 0 0 0 0
Av. degree 3.58 4.55 +27.05% 3.82 3.84 +0.61% 2.33 2.4 +2.94%
Av. is a 1.5 1.79 +19.18% 1.5 1.51 +0.81% 1.17 1.2 +2.88%
Av. part of 0.29 0.22 –24.37% 0.41 0.41 –0.12% 2.43E24 9.45E24 +288.36%
Av. regulates 0 0.1 0 0 0 0
Prop. leaves 0.55 0.53 –3.24% 0.76 0.78 +2.71% 0.8 0.8 –0.35%
Av. depth 6.22 7.29 +17.16% 4.97 4.79 –3.46% 5.50 5.62 +2.20%
Max. depth 13 15 +23.08% 10 10 0% 14 15 +7.14%
Av. height 0.89 0.97 +9.19% 0.45 0.40 –11.86% 0.36 0.37 +3.36%
Proportional variations of ontology metrics for Biological process (BP), Cellular components (CC) and Molecular functions (MF) between January 2008 (reference) and
December 2012.
doi:10.1371/journal.pone.0075993.t002
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average height and average depth. The height of a node is the
maximum length of the paths from a leaf to this node. It represents
how far a node is from the leaves. The depth of a node is the
maximum length of the paths from this node to a root. It
represents how far a node is from the root.
Generation and analysis of the random ontologies
We studied if the previous metrics could discriminate randomly-
generated ontology modifications from genuine ones. Based on the
February 2010 version of GO, we generated fifty simulated
ontologies by adding randomly the same numbers of classes and
relations. The proportions were respected for BP, CC and MF
(e.g. there were 395 classes added to BP in March 2010, so we
randomly added 395 classes to BP in each of the fifty simulated
ontologies). For each simulation and for BP, CC and MF
separately, we created the classes to be added and randomly
selected a parent for each of them (thus generating as many
random is a relations as classes to be added). We then created the
remaining random is a relations, and the random part of and
regulates relations. Note that a random class can be created as a
subclass of another previous random class, forming a new branch
of the hierarchy.
We compared the simulated values with the value observed in
March 2010 for average depth, average height and proportion of
leaves. The null hypothesis was ‘‘There is no statistically significant
difference between the measured values of the randomly-
generated ontologies and the value observed between the February
and March 2010 version of GO’’. We performed two-sided
Student’s t-tests with an a parameter of 0.05 using R version 3.0.0.
Results
Spreadsheets containing the results are available as supplemen-
tary files.
S1-geneOntology-complexityEvolution-monthly.ods contains the
analysis of the sixty Gene Ontology monthly releases between
January 2008 and December 2012.
S2-geneOntology-enrichmentSimulations.ods contains the anal-
ysis of the fifty simulated random ontologies.
Variations of number of classes and relations
Figure 1 and Figure 2 show that the number of classes and of
relations increased monotonously but at different rates during the
time of study.
Table 2 shows that the number of classes increased by 50% for
GO, 69% for BP, 51% for CC and 16% for MF between January
2008 and December 2012. These different growth rates modified
the relative importance of the three branches. Over the study
period, Table 3 shows that the proportion of BP classes increased
from 58% to 66% of the Gene Ontology, stayed around 8% for
CC and decreased from 33% to 26% for MF. Meanwhile, the
number of relations increased by 85% for GO, 115% for BP, 51%
for CC and 16% for MF. Table 4 shows that the proportion of BP
relations increased from 66% to 76% of the Gene Ontology and
decreased from 10% to 8% for CC and from 24% to 16% for MF.
At this point, our results confirm the initial impression by
OnEX that the Gene Ontology complexity increased monoto-
nously as a whole as well as for its three branches, and that BP was
the branch with the fastest growth, which explained why CC and
MF were proportionally decreasing.
Variations of connectivity
The number of relations increased, but so did the number of
classes. We investigated whether the number of relations increased
proportionally more (the graph became denser) or less (the graph
became more sparse) than the number of classes. The previous
results indicate that between January 2008 and December 2012,
the number of relations increased proportionally more than the
number of classes for BP, whereas both number increased by
similar proportions for CC and MF. We wanted to know if this
trend was regular and uniform for the three relations is a, part of
and regulates.
Figure 3 presents the evolution of the average degree of a node
for BP, CC and MF. It shows that the average degree of a node
was around 4 for BP and CC, and around 2.3 for MF.
Figure 3 also shows that over time, the average degree of a node
increased monotonously for BP, decreased slightly for CC with
some local variations and a sharp increase in November 2012, and
remained stable for MF, which completes the previous observa-
tions.
Figure 4 and Table 2 present the contributions of the is a, part
of and regulates relations to a node’s average degree. It shows that
the average number is a associated to a node increased for BP but
remained stable for CC and MF. The average number of part of
associated to a node decreased for BP, was stable for CC and
increased slightly for MF. The average number of regulates
associated to a node increased for BP.
Overall, these results indicate (1) that GO branches had
different connectivity and different variations of connectivity,
and (2) that inside a branch the various relations also had different
variations.
Variations of hierarchy
Figure 5 presents the variations of the proportion of leaves for
GO and its three branches. It shows that the proportion of leaves
decreased for BP from 55% to 53.1%, increased for CC from
75.5% to 77.7% and remained stable for MF around 80%. The
three branches had different proportions of leaves and different
Table 3. Proportions of classes for the three Gene Ontology
branches.
BP CC MF
Classes % GO Classes % GO Classes % GO
Jan
2008
14,369 58.34% 2,046 8.31% 8,216 33.36%
Dec
2012
24,335 65.89% 3,080 8.34% 9,520 25.78%
Proportions of total number of Gene Ontology classes for Biological process
(BP), Cellular components (CC) and Molecular functions (MF) between January
2008 and December 2012.
doi:10.1371/journal.pone.0075993.t003
Table 4. Proportions of relations for the three Gene Ontology
branches.
BP CC MF
Relations % GO Relations % GO Relations % GO
Jan 2008 25,719 65.59% 3,908 9.97% 9,583 24.44%
Dec 2012 55,341 76.13% 5,919 8.14% 11,430 15.72%
Proportions of total number of Gene Ontology relations for Biological process
(BP), Cellular components (CC) and Molecular functions (MF) between January
2008 and December 2012.
doi:10.1371/journal.pone.0075993.t004
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variation patterns. This suggests that the new classes added to BP
mostly belong to the intermediate levels of the taxonomy, whereas
those added to CC and MF were mostly leaves (maintaining a
proportion of 70% to 80% of leaves as the number of classes
increases requires that 70% to 80% of the new classes are also
leaves).
Figure 6 presents the variations of the average height of the
nodes from GO and its three branches. It shows that nodes
average height increased globally for BP but has been mostly
stable since June 2009, decreased for CC and remained mostly
stable for MF, which confirms the indications of Figure 5.
Table 2 shows that the maximum depth increased slightly from
13 to 16 for BP, remained at 10 for CC and increased from 14 to
15 for MF. Figure 7 presents the variations of the average depth of
the nodes from GO and its three branches. It shows that nodes
average depth increased for BP, and remained mostly stable for
MF, which confirms the observations of Figures 5 and 6. The fact
that for BP both the average depth and the average height
increased reinforces the idea that most of the new BP classes were
not leaves (or the average height would have decreased), but were
parents or ancestors of leaves (because the average distance to a
leaf was 0.97) at least 7 edges away from the root (because the
average distance to the root increased from 6.2 to 7.3). Figure 7
also shows that the average depth remained mostly stable for CC
until March 2012, when it dropped. Together with Figures 2, 5
and 6, this indicates that the new classes added to CC were mostly
leaves, and were siblings of existing leaves so that depth was not
affected. The March 2012 drop cannot be explained by the
variations of number of classes nor of relations or leaves. This
suggests some reorganization of the classes hierarchy.
Figures 5, 6 and 7 also compare the relative values of BP, CC
and MF proportion of leaves, average height and average depth.
Figure 3. Evolution of the average degree of the nodes of the three branches of the Gene Ontology. Biological process (BP), Cellular
component (CC) and Molecular function (MF).
doi:10.1371/journal.pone.0075993.g003
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The three metrics reflecting the semantics of the ontology
exhibited a similar pattern with CC and MF having similar values
compared to BP. This should be contrasted with connectivity
metrics from Figure 4 where BP and CC had similar average
degree values, compared to MF. Interestingly, CC was similar to
BP from a connectivity point of view, and similar to MF from a
semantic structure point of view. The similar connectivity of BP
and CC is reinforced by the fact that both rely on is a and part of
relations, whereas MF almost exclusively uses is a (Table 2).
Comparison with random ontology enrichment
The previous results about the local variations of node
connectivity and the global variations of the graph structure
showed some fairly monotonous trends for BP, CC and MF. We
investigated if these trends were the result of the sole increase of
classes and relations. We studied if the previous metrics could
discriminate randomly-generated ontology modifications from
genuine ones. Table 5 presents the variation of the number of
classes and relations between the February and March 2010
versions of the GO, and the average of these metrics on the fifty
simulated ontologies.
Figure 4. Contributions of the is a, part of and regulates relations to a node’s average degree for the Gene Ontology (top left) and
its three branches Biological process (top right), Cellular component (bottom left) and Molecular function (bottom right).
doi:10.1371/journal.pone.0075993.g004
Figure 5. Variations of the proportion of leaves for the Gene Ontology three branches. Biological process (BP), Cellular component (CC)
and Molecular function (MF).
doi:10.1371/journal.pone.0075993.g005
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Figure 6. Variations of the average height of the nodes from the Gene Ontology: together (top left), Biological process (top right),
Cellular component (bottom left) and Molecular function (bottom right).
doi:10.1371/journal.pone.0075993.g006
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Figure 7. Variations of the average depth of the nodes from the Gene Ontology: together (top left), Biological process (top right),
Cellular component (bottom left) and Molecular function (bottom right).
doi:10.1371/journal.pone.0075993.g007
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Connectivity metrics are based on the average number of
relations. Therefore, they were not affected by the simulations.
Figures 8, 9 and 10 present the proportion of leaves, average
height and average depth of the simulations compared to the
March 2010 version of GO.
BP simulations had fewer leaves, higher average depths and
higher average heights than GO. CC simulations had fewer leaves
and higher average heights than GO, but similar average depths.
MF simulations had fewer leaves than GO, but similar average
heights and average depths.
Table 6 presents the p-values of the Student’s t-tests. All the tests
showed a statistically significant difference between the simulated
and the observed values, except for the average depth in MF. For
MF, the fact that the average height increased more in the
simulated ontologies than in the March 2010 version of GO, and
that the proportion of leaves decreased more in the simulations
suggests that the simulated classes were mostly added as non-
leaves. The lack of statistically-significant difference of average
depth is difficult to interpret, specially because there was a
difference of average height. Possible factors are the small number
of modifications for MF (but this argument also hold for the other
measures), or the structure of MF hierarchy.
Together, the random ontology enrichment results confirm that
the average depth, average height and proportion of leaves can
discriminate randomly-generated ontology modifications from
genuine ones. The differences between BP, CC and MF also
confirm the previous observations that the three branches have
different hierarchical organizations, and different evolutions. The
lower number of leaves observed in BP, CC and MF for the
simulations were consistent with the higher average heights: if
randomly-added classes are not leaves, they are at least one edge
away from the leaves; since each branch average height was lower
than 1, these classes tend to increase the average height. The
difference between BP depth and height variations on the one
hand and CC and MF variations on the other hand can be
explained by the structural differences between the former and the
last two. BP has a smaller proportion of leaves than CC and MF so
that randomly-added classes are less likely to be leaves than for CC
or MF. Interestingly, Pesquita et al. also observed that for the GO,
the refinement of CC and MF occurs mostly via single insertions,
whereas in BP, groups of related classes are inserted together [21].
These simulations also confirm that in complex graph structures
like ontologies, a small number of changes in the topology can
have dramatic consequences on the overall hierarchy. Applications
based on approaches such as term enrichment are highly sensitive
to such modifications because the annotations are propagated to
the ancestors [22–25].
Discussion
In this section, we first survey related GO-specific works. We
then discuss the practical applications of our study. Finally, we
discuss how our approach can be generalized to other ontologies
and other metrics.
GO-specific approaches
Several studies analyzed the evolution of the GO from different
perspectives.
Park et al. developed visualization methods based on a color-
coded layered graph to highlight the changes between two versions
of GO [26]. Hartung et al. improved the idea with CODEX, that
determines a compact diff based on semantic changes [27]. Both
approaches focus on change visualization but leave the interpre-
tation of the modifications to the user.
Leonelli et al. characterized the reasons of the changes. They
identified five circumstances warranting changes in the GO by
curators: (1) the emergence of anomalies within GO; (2) the
extension of the scope of GO; (3) the divergence in how
terminology is used across user communities; (4) new discoveries
that change the meaning of the terms used and their relations to
each other; and (5) the extension of the range of relations used to
link entities or processes described by GO terms [28]. They focus
on improving the way the GO represents biological knowledge but
leave the determination of the quality change to the curators and
do not measure it.
Ko¨hler et al. proposed a systematic method to analyze the
quality of terms definitions [29]. Verspoor et al. developed a
transformation-based automatic clustering method for detecting
similar terms that use different linguistic conventions [30]. Both
approaches focus on the classes names or textual definitions but do
not consider the relations among the classes. Mungall et al.
proposed an automatic reasoning-based approach using logical
definitions for classes and mappings to external ontologies that
detects potentially missing and incorrect classes and relationships
[31]. It should be noted that even if logical definitions are assigned
to all new regulation classes as of January 2010, processing all the
previous classes is an ambitious ongoing task. Alterovitz et al.
proposed an information theory-based approach to automatically
organize the structure of GO and optimize the distribution of the
information within it [32]. Faria et al. proposed an association
Table 5. Simulated evolution of the three Gene Ontology branches between February and March 2010.
BP CC MF
Feb. 2010 Mar. 2010 simul. Feb. 2010 Mar. 2010 simul. Feb. 2010 Mar. 2010 simul.
Nb. classes 18,149 18,544 18,544 2,643 2,688 2,688 8,670 8,687 8,687
Nb. is a 29,796 30,507 30,507 4,014 4,065 4,065 1,047 1,067 1,067
Nb. part of 3,928 4,090 4,090 979 1,000 1,000 4 7 7
Nb. regulates 1,542 1,580 1,580 0 0 0 0 0 0
Av. depth 6.597 6.567 7.275 4.994 4.993 5.022 5.511 5.517 5.513
Av. height 0.968 0.965 1.104 0.409 0.411 0.433 0.357 0.358 0.360
Prop. leaves 0.536 0.538 0.525 0.772 0.771 0.761 0.803 0.802 0.801
Variations of ontology metrics for Biological process (BP), Cellular components (CC) and Molecular functions (MF) between February and March 2010, compared to the
average of fifty randomly-enriched simulations.
doi:10.1371/journal.pone.0075993.t005
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Figure 8. Proportion of leaves for the fifty simulated ontologies, compared to the value for the March 2010 version of the Gene
Ontology (red line).
doi:10.1371/journal.pone.0075993.g008
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Figure 9. Average classes’ heights for the fifty simulated ontologies, compared to the value for the March 2010 version of the Gene
Ontology (red line).
doi:10.1371/journal.pone.0075993.g009
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Figure 10. Average classes’ depths for the fifty simulated ontologies, compared to the value for the March 2010 version of the
Gene Ontology (red line).
doi:10.1371/journal.pone.0075993.g010
Evolution of Ontology Complexity: GO Case Study
PLOS ONE | www.plosone.org 15 October 2013 | Volume 8 | Issue 10 | e75993
rule-based algorithm for identifying implicit relationships between
molecular function terms [33]. Other works focused on the quality
of terms definitions [29] and on the detection of semantic
inconsistencies of gene annotations [34]. Gross et al. studied to
what extent modifications of the GO and of gene annotations
databases impacted the result of term enrichment analyses that
describe experimental data by sets of GO terms [35]. They
demonstrated that the ‘‘changes are unequally distributed and
cluster in regions representing specific topics’’. Interestingly, they
also observed that these changes do not necessarily modify the
result of term enrichment analyses since the terms are often
semantically related. Our results indicated that for BP, most
modifications occurred deep into the hierarchy, so it is also
possible that term enrichment analyses return sets of more general
GO terms that are more stable. Loguercio et al. proposed a task-
based approach to examine the completeness and utility of GO
annotations for gene enrichment analysis [24]. It should be noted
that over time, both gene annotations (i.e. the set of GO terms
associated to gene products) and the GO itself evolve simulta-
neously. They focused on the quality of annotations, whereas we
focused on GO proper. Moreover, as stated in the background
section, the metrics of complexity we used are intrinsic values that
are task-independent.
Ceusters performed an extensive evolutionary terminology
auditing [36] of the GO between 2001 and 2007 for measuring
to what extent the structure of a terminology mimics reality. This
avoids mistakes, some of which are not eliminated by automatic
reasoning. He reports that the quality of the BP, CC and MF
branches of the GO increased continuously over time, with MF
having consistently the highest quality. He also observed a ’high
correlation (0.95) between the increase in size of the GO as a
whole and the quality scores’. This should be contrasted with our
results (admittedly over a different period) showing that the
complexity increased for BP, decreased slightly for CC and
remained stable for MF.
Pesquita and Couto proposed a semi-automatic approach for
change capture, i.e. the identification of the areas of an ontology
that need to be changed [21]. They applied it to 6-months spaced
snapshots of the GO over the 2005–2010 period to study whether
their framework could predict the portions that would be extended.
Their focus was on the analysis of the new classes and relations. It
relied on (1) the depth of new classes, (2) the number of new classes
that are children of (former) leaves, and (3) the number of new
classes that are children of existing classes vs. of newly added classes.
This allowed to determine the general direction of refinement (i.e. if
new classes provide a finer description or cover a new domain) and
whether new classes are inserted individually or as parts of a new
branch. They observed that in BP, CC andMF, the majority of new
subclasses are added as children of non-leaf classes. They also
observed that the refinement of CC andMF occurs mostly via single
insertions, whereas in BP, groups of related classes are inserted
together. Their observations are compatible with our results. It
should be noted that their approach focuses on the analysis of the
features of the new classes, whereas we studied BP, CC and MF
globally and focused on the consequences of the changes (not just
the additions) on the ontology itself. Therefore, we believe the two
approaches complement each other.
Practical applications
The main consequences of our results concern people main-
taining GO annotations, as well as developpers of data analysis
methods based on the GO.
The regular addition of leaves or of classes close to leaves for BP
and CC indicates that over time, more precise terms were being
added to the GO hierarchy. Some of the former annotations that
refer to the parents of these new classes could be transferred to the
new classes. Because of the rule of annotations propagation to the
ancestors, the former annotations would remain valid, but this
would result in a gain in annotation precision. With the OnEX
web application, Hartung et al. proposed a mechanism capable of
semi-automatic migration of outdated annotations [4]. Our results
indicate that the addition of new low-level classes (mostly for BP
and CC) has potential implications on former annotations,
whereas higher level classes (mostly for MF) represent previously
undescribed topics. The latter situation is not compatible with the
OnEX semi-automatic migration approach. Ideally, experts
should decide whether these new high-level annotations are
suitable for existing entities such as gene products.
The parallel evolution of the GO and of annotations databases
has consequences on the results of data analysis studies [37] as well
as on the evaluation of GO-based data analysis methods [38–40].
Gillis et al. reported that ‘‘GO annotations are stable over short
period of time’’, but also that ‘‘genes can alter their functional
identity with 20% of gene not matching to themselves (by semantic
similarity) after two years’’ [25]. The direct implication is that all
the results of analyses based on the GO should be re-assessed on a
regular basis. By showing that complexity increased for BP and
CC with the addition of leaves or of classes close to leaves and that
MF complexity remained stable with uniform modifications, our
study suggests that the conclusions of the previous analyses could
remain valid but may actually be improved, although quantifying
this assumption would be a separate work. Similarly, the respective
performances of GO-based data analysis methods should be re-
evaluated on a regular basis.
These metrics could be integrated into at least three kinds of
future applications. First, they could easily be integrated into
ontology-development tools such as Prote´ge´ or OBOEdit.
However, not all users may have the need to monitor such
metrics. Furthermore, comparing the measures when only a few
changes have been made may make it harder to identify general
trends. We also computed the measures on daily snapshots of GO
from July 2009 to July 2012 and observed successive increases and
decreases on all values. The second option would then be to
integrate our metrics on top of the ontology version control system.
We have seen that computing the measures between commits is
not very informative, whereas comparing their evolution between
releases (i.e. when the curators judge that a set of commits
achieved a meaningful goal) makes more sense. The third
alternative would be to integrate our metrics into ontology
repositories such as Onex (http://dbserv2.informatik.uni-leipzig.
de:8080/onex/or Bioportal (http://bioportal.bioontology.org/).
This solution is user-oriented, whereas the second one was
curator-oriented.
Table 6. Comparison of the fifty randomly enriched
ontologies with the March 2010 version of Gene Ontology.
BP CC MF
av. depth 7:657E{14 2:4E{16 0.1643
av. height v2:2E{16 v2:2E{16 v2:2E{16
proportion
leaves
v2:2E{16 v2:2E{16 v2:2E{16
P-value of Student’s t-tests comparing the fifty randomly enriched ontologies
with the March 2010 version of Gene Ontology.
doi:10.1371/journal.pone.0075993.t006
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Generalization
Our approach relies on classic DAG metrics, none of which is
GO-specific. Therefore, our approach is readily applicable to any
other ontology. It has the advantage of genericity, but the
drawback is that it would probably ignore some ontologies
peculiarities (e.g. the positive and negative regulation pattern,
which has an impact on the nodes’ degree). These would have to
be taken into account when interpreting the results.
This argument makes the comparison of the values between
ontologies questionable (e.g. to determine thresholds or to provide
some qualitative interpretation). We advise to focus on the
evolution of measures during an ontology lifecycle.
The next challenge will be to propose new ontology complexity
metrics capable of taking into account features of semantically-rich
languages such as OWL (http://www.w3.org/TR/owl2-primer/):
disjontness between classes, the fact that some relations can be
transitive or asymmetric, existential and universal restrictions, etc
[41,42]. The connectivity and hierarchy-related metrics that we
presented only cover a limited portion of the meaning conveyed in
ontologies. They see ontologies mostly as taxonomies, i.e. a
directed acyclic graph of is a relations. Most current ontologies are
in the taxonomy category anyway, so taking these additional
features into account would probably have a limited impact.
However, one can anticipate that these features will gradually gain
acceptance as they make ontology maintenance easier, and
support more advanced reasoning [43,44]. Conversely, providing
a quantified measurement of their impact on the ontology
structure may also help promoting their adoption.
Conclusion
For the Gene Ontology, the number of classes and relations
increased monotonously between January 2008 and December
2012. Considering the three branches of the Gene Ontology
(Biological process, Cellular component and Molecular functions)
independently gave similar conclusions but revealed different
growth rates. Connectivity and hierarchy-related metrics provided
additional insights into the ontology complexity. They revealed
different patterns in terms of values as well as of evolution.
Graph-related metrics such as the average degree of a node
provided additional information about the ontology connectivity.
For the Gene Ontology, BP and CC had similar average degrees,
superior to that of MF. The analysis of the variations of nodes
average degree showed that during the study period, the
connectivity of BP nodes increased, while it slightly decreased
for CC and remained stable for MF. It also showed that the CC
decrease could be attributed to the number of part of relations
increasing less than the number of CC classes.
Hierarchy-related metrics such as the proportion of leaves, the
average depth and the average height of nodes provided
information about the semantics. For the Gene Ontology, CC
and MF had similar proportions of leaves, average depths and
average heights, that were superior to that of BP for the proportion
of leaves, and inferior to BP average depth and average height.
The proportion of leaves decreased for BP, increased for CC and
remained stable for MF. The nodes average height increased for
BP, decreased for CC and remained mostly stable for MF. The
nodes average depth increased for BP, remained mostly stable for
CC until March 2012 and then decreased, and remained mostly
stable for MF. These measures also indicated that most of the
classes added to BP were not leaves but were in the lowest part of
the hierarchy, whereas most of the classes added to CC were
leaves and siblings of existing leaves, and that MF growth was
rather uniform. Eventually, hierarchy-related measures could
distinguish the actual GO evolution from the random addition
and removal of classes and relations.
Overall, for the Gene Ontology, the results showed that the
three branches Biological Process, Cellular Component and
Molecular Function have to be considered separately when
studying the evolution of the Gene Ontology complexity. The
number of classes and relations increased monotonously for all
branches. Our results show that the changes operated by Gene
Ontology curators between monthly releases impact both the
ontology size and the ontology complexity. Node connectivity
increased monotonously for BP, decreased globally with several
local extrema for CC and was stable for MF, with BP and CC
having similar profiles compared to MF. Concerning the
hierarchy, average depth and average height increased for BP,
decreased for CC and was stable for MF, with CC and MF having
similar profiles compared to BP. These results indicate that BP was
the most dynamic branch which complexity increased, that CC
was refined with the addition of leaves providing a finer level of
annotations but complexity decreased, and that MF experienced a
stable and uniform growth.
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Conclusion
Le nombre de classes et de relations de Gene Ontology a augmente´ de fac¸on mono-
tone entre janvier 2008 et de´cembre 2012. Conside´rer inde´pendemment les trois branches
de Gene Ontology (Biological process, Cellular component et Molecular functions) a donne´
des conclusions similaires mais a mis en lumie`re diffe´rents taux de croissance.
Les me´triques de connectivite´ et celles relatives a` la hie´rarchie ont fourni d’autres
renseignements sur la complexite´ de l’ontologie. Elles ont re´ve´le´ diffe´rents profils en terme
de valeur ainsi qu’au niveau de l’e´volution. Les me´triques relatives aux graphes comme le
degre´ moyen d’un nœud ont fourni des informations supple´mentaires sur la connectivite´
de l’ontologie. BP et CC ont un degre´ moyen similaire, supe´rieur a` celui de MF. L’analyse
des variations du degre´ moyen des nœuds a montre´ que pendant la pe´riode d’e´tude, la
connectivite´ des nœuds de BP a augmente´, alors qu’elle a le´ge`rement diminie´e pour CC
et est reste´ stable pour MF. Cela a aussi montre´ que la baisse concernant CC pouvait eˆtre
attribue´e au fait que le nombre de relations part of a moins augmente´ que le nombre de
classes.
Les me´triques relatives a` la hie´rarchie comme la proportion de feuilles, la profondeur
moyenne et la hauteur moyenne des nœuds a donne´ des informations sur la se´mantique.
CC et MF ont des proportions de feuilles similaires, une profondeur et hauteur moyennes
similaires e´galement. Leurs proportions de feuilles sont supe´rieures a` celles de BP et leurs
profondeur et hauteur moyennes infe´rieures a` celles de BP. La proportion de feuilles a
diminue´ pour BP, augmente´ pour CC et est reste´e stable pour MF. La profondeur moyenne
des nœuds a augmente´ pour BP, est reste´e plutoˆt stable pour CC jusqu’a` mars 2012
avant de de´croıˆtre, et est reste´ plutoˆt stable pour MF. Ces me´triques ont aussi indique´
que la plupart des classes ajoute´es a` BP n’e´taient pas des feuilles mais e´taient dans la
partie infe´rieure de la hie´rarchie, alors que la plupart des classes ajoute´es a` CC e´taient
des nouvelles feuilles ou des sœurs de feuilles existantes, et que la croissance de MF
e´taient plutoˆt uniforme. Enfin, les me´triques relatives a` la hie´rarchie seraient capables de
distinguer les vraies e´volutions de GO des additions et retraits ale´atoires de classes et de
relations.
Globalement, les re´sultats ont montre´ que les trois branches Biological Process, Cel-
lular Component et Molecular Function doivent eˆtre conside´re´es se´pare´mment lorsqu’on
e´tudie l’e´volution de la complexite´ de Gene Ontology. Le nombre de classes et de rela-
tions a augmente´ de fac¸on monotone pour toutes les branches. Nos re´sultats ont montre´
que les changements ope´re´s par les personnes en charge de la maintenance de Gene
Ontology entre les publications mensuelles ont un impact a` la fois sur la taille et la com-
plexite´ de l’ontologie. La connectivite´ des nœuds a augmente´ de fac¸on monotone pour BP,
a baisse´ globalement pour CC, avec la pre´sence d’extremums locaux, et est reste´e stable
pour MF, avec un profil similaire pour BP et CC compare´ a` MF. Concernant la hie´rarchie,
la profondeur moyenne et la hauteur moyenne a augmente´ pour BP, diminue´ pour CC et
est reste´e stable pour MF, CC et MF ayant un profil similaire compare´ a` BP. Ces re´sultats
indiquent que BP a e´te´ sur les quatre dernie`res anne´es la branche la plus dynamique avec
une complexite´ en augmentation, que CC a subi un ajout de feuilles permettant un niveau
d’annotations plus fin, mais diminuant le´ge`rement sa complexite´, et que MF a connu une
croissance stable et uniforme.
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CHAPITRE 6. APPLICATION DES ME´THODES SE´MANTIQUES A`
D’AUTRES PROBLE´MATIQUES
Ces re´sultats confortent l’ide´e que les trois branches de Gene Ontology doivent eˆtre
conside´re´es se´pare´mment lors de mesures de similarite´ et particularite´ se´mantiques. Ils
indiquent e´galement que Gene Ontology est en perpetuelle e´volution, chaque branche
croissant a` son rythme. Cela appelle a` recalculer pe´riodiquement nos seuils de similarite´
et de particularite´.
CONCLUSION GE´NE´RALE
La comparaison inter-espe`ces de voies me´taboliques est une proble´matique impor-
tante en biologie. Qualifier et quantifier les caracte´ristiques communes entre plusieurs
espe`ces ainsi que celles qui les distinguent permet de mieux comprendre le me´tabolisme
de ces espe`ces. Cela permet e´galement de de´terminer si ou dans quelle mesure des
re´sultats obtenus sur une espe`ce mode`le peuvent eˆtre transpose´s a` une autre espe`ce.
Cela constitue un enjeu pour la biologie au sens large, avec des re´percussion pour la
sante´ humaine aussi bien que pour l’e´conomie. En ce qui concerne le me´tabolisme des
lipides, il existe des pathologies humaines. De plus, la compre´hension des me´canismes
d’engraissement impacte aussi bien l’e´conomie que le bien-eˆtre animal.
Nous avons de´veloppe´ au cours de cette the`se une me´thode de comparaison inter-
espe`ces de voies me´taboliques. Il faut rappeler que le re´sultat de cette comparaison
de´pend grandement de la quantite´ et de la qualite´ d’informations disponibles pour chaque
espe`ce que l’on veut comparer. Les donne´es ne´cessaires sont de trois types : comment
s’organise la voie me´tabolique a` comparer chez les deux espe`ces (quelle est sa struc-
ture ?), quels sont les produits de ge`nes qui interviennent a` chaque e´tape de la voie
me´tabolique, et quelle est l’annotation fonctionnelle disponible pour ces produits de ge`nes.
Plus chacun de ces types de donne´es est renseigne´, plus le re´sultat de notre comparaison
sera fiable.
La comparaison inter-espe`ces de voies me´taboliques repose sur une ou plusieurs
bases de donne´es contenant la succession des re´actions chez les espe`ces a` comparer.
Des produits de ge`nes interviennent tout au long de chaque voie me´tabolique, la plupart
en tant qu’enzyme catalysant une re´action. Ces produits de ge`nes sont annote´s par des
termes de Gene Ontology, ce qui permet de les comparer entre eux a` l’aide d’une mesure
de similarite´. Comparer des ensembles de termes GO demande une mesure capable de
prendre en compte l’he´ritage qui existe entre ces termes. On parle de mesure de similarite´
se´mantique. Dans notre cas, nous recherchions une mesure qui supportait la comparai-
son de ge`nes entre espe`ces. Cette condition n’est pas respecte´e par les me´thodes base´es
sur le contenu d’information (“Information Content”, IC) des termes GO. En effet, l’IC d’un
terme de´pend de la probabilite´ qu’il annote un ge`ne. Cette probabilite´ est calcule´e par la
fre´quence a` laquelle le terme annote un ge`ne. Il est possible de calculer cette fre´quence
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sur l’annotation de chaque espe`ce, menant a` autant de valeurs d’IC pour chaque terme
qu’il y a d’espe`ces et empeˆchant la comparaison inter-espe`ces. Il est e´galement possible
de calculer cette fre´quence en cumulant toutes les annotations de toutes les espe`ces,
mais cela conduit a` un fort biais en faveur des caracte´ristiques les mieux connues des
espe`ces les plus e´tudie´es. La comparaison inter-espe`ce est possible avec les me´thodes
base´es sur les areˆtes, puisqu’elles ne de´pendent pas d’un corpus d’annotations. Cepen-
dant, le fait que la pre´cision des termes GO ne soit pas homoge`ne en fonction de leur
profondeur affaiblit la pertinence des re´sultats obtenus par ces me´thodes. La me´thode
hybride de Wang est celle qui se rapproche le plus d’une me´thode base´e sur les nœuds
sans eˆtre de´pendante d’un corpus d’annotations. Elle a donc e´te´ choisie comme mesure
de similarite´ pour proce´der a` nos comparaisons inter-espe`ces.
Comme toutes les mesures de similarite´, la mesure de Wang est capable d’attribuer
a` deux ge`nes g1 et g2 une similarite´ haute tre`s proche de celle qu’elle attribue a` deux
autres ge`nes g3 et g4 a` partir du moment ou` g1 et g2, comme g3 et g4 ont suffisamment
d’annotations en commun, et ce meˆme s’il s’ave`re que dans une de ces paires de ge`nes,
un ge`ne a en plus des annotations spe´cifiques qui traduisent des caracte´ristiques biolo-
giques particulie`res. Or la comparaison inter-espe`ces de voies me´taboliques se doit de
quantifier non seulement la similarite´ des produits de ge`nes qui interviennent dans celles-
ci, mais e´galement leurs particularite´s, puisque ce sont principalement celles-ci qui nous
inte´ressent. Nous avions donc besoin d’une mesure de particularite´ se´mantique capable
de distinguer des ge`nes ayant des fonctions particulie`res meˆme parmi des ge`nes ayant
une forte similarite´.
Nous avons donc propose´ une mesure de particularite´ se´mantique qui repose sur la
notion d’informativite´, qui est compatible avec les approches base´es sur le contenu d’in-
formation aussi bien qu’avec la valeur se´mantique de l’approche de Wang. Nous avons
de´montre´ l’utilite´ de la mesure de particularite´ se´mantique, notamment pour identifier et
quantifier des caracte´ristiques propres a` un produit de ge`ne compare´ a` des produits de
ge`nes similaires. Cette mesure ne remplace pas une mesure de similarite´, mais devrait
eˆtre utilise´e conjointement a` une telle mesure. La mesure de similarite´ se´mantique est
syme´trique. Ce n’est pas le cas de la mesure de particularite´ se´mantique, puisque la
particularite´ mesure´e en comparant A a` B est ge´ne´ralement diffe´rente de la particularite´
re´ciproque. Lorsque l’on compare deux ge`nes ou deux e´tapes de voies me´taboliques,
on obtient donc des profils sous forme de triplets (similarite´, particularite´, particularite´
re´ciproque).
Dans le cadre d’une comparaison inter-espe`ces, une les configurations de triplets in-
diquant a` la fois une forte similarite´ et une forte particularite´ nous permet d’identifer des
fonctions propres a` une espe`ce au sein d’un me´tabolisme qui paraıˆt au premier abord
simplement  similaire . Ces cas ne sont pas de´tectables en utilisant seulement une me-
sure de similarite´ se´mantique. La comparaison se´mantique de produits de ge`nes repose
donc sur l’interpre´tation des triplets obtenus en utilisant une mesure de similarite´ et notre
mesure de particularite´.
Hormis les cas extre`mes, qui sont rarement les plus inte´ressants, cette interpre´tation
est difficile, faute de savoir a` partir de quelle valeur de similarite´ deux ge`nes sont simi-
laires, et a` partir de quelle valeur de particularite´ un ge`ne a des fonctions significativement
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diffe´rentes d’un autre ge`ne. Nous ne disposions donc pas de me´thode capable de valider
l’interpre´tation de valeurs de similarite´ et de particularite´ de fac¸on a` de´terminer si deux
ge`nes ou ensembles de ge`nes sont similaires ou si un ge`ne posse`de une fonction parti-
culie`re significative. Cette interpre´tation e´taient jusque la` souvent base´e soit sur un seuil
implicite (on parlait de valeur de similarite´  forte  ou  faible ) ou arbitraire (typique-
ment 0.5, qui repre´sente la moitie´ de l’intervalle dans lequel se projettent les re´sultats de
la plupart des mesures).
Nous avons donc de´veloppe´ une me´thode capable de de´terminer un seuil de simila-
rite´ et un seuil de particularite´. La de´finition de seuils de similarite´ pour diffe´rentes me-
sures couramment utilise´es permet d’identifier les produits de ge`nes similaires. Le seuil
de´fini pour la me´thode de Wang est utile pour identifier des orthologues intervenant dans
les voies me´taboliques homologues de diffe´rentes espe`ces comme similaires. D’apre`s
les re´sultats obtenus a` partir de la base de donne´es HomoloGene, la plupart des ortho-
logues correctement annote´s sont similaires. La de´finition du seuil de particularite´ per-
met de savoir si les fonctions spe´cifiques a` un produit de ge`ne lorsqu’on le compare a`
un produit de ge`ne similaire d’une autre espe`ce sont anecdotiques ou importantes. Ces
seuils nous permettent l’interpre´tation des re´sultats obtenus lors de la comparaison inter-
espe`ces syste´matique de tous les produits de ge`nes d’une voie me´tabolique homologue.
Muni de mesures pertinentes et d’une aide a` l’interpre´tation des re´sultats, nous avons
pu proce´der a` la comparaison d’un me´tabolisme entre plusieurs espe`ces. Au travers de
l’exemple de la comparaison du me´tabolisme des lipides chez l’Homme, la souris et la
poule, nous avons pu aborder cette proble´matique sous les trois angles que sont la com-
paraison de la structure de la voie me´tabolique, la mesure de la similarite´ se´mantique
des produits de ge`nes pre´sents a` chaque e´tape, et la mesure de leur particularite´. Ces
trois approches sont comple´mentaires et leurs re´sultats peuvent eˆtre rassemble´s dans un
graphe pre´sentant a` la fois la structure de la voie me´tabolique, les points communs et
les diffe´rences au niveau fonctionnel. L’utilisation d’un seuil de similarite´ et de particularite´
a permis de distinguer des cas potentiellement inte´ressants, qu’ils refle`tent une possible
re´alite´ biologique (seulement “possible” car sous l’hypothe`se d’un monde ouvert) ou une
vraisemblable erreur dans une base de donne´es.
Les documents relatifs a` cette the`se ainsi que les outils de´veloppe´s au cours de celle-
ci sont tous disponibles a` partir de http://bettembourg.fr. Ce site contient des liens vers
les versions finales des diffe´rents outils ainsi que les versions beˆta des outils encore en
de´veloppement. Quatre outils de´crits ci-apre`s sont disponibles au moment de la re´daction
du pre´sent manuscrit.

LISTE DES TRAVAUX
Outils
GO2PUB
GO2PUB est moteur de recherche bibliographique utilisant Gene Ontology. Il est
he´berge´ sur la plateforme Genouest et a fait l’objet d’un article dans Journal of Biomedical
Semantics. Cet outil proce`de a` l’extension de requeˆtes envoye´es a` PubMed en utilisant
les noms, symboles et synonymes des produits de ge`nes annote´s par le ou les termes
GO choisis par l’utilisateur.
GO2SiP
GO2SiP est un outil de calcul de similarite´ et de particularite´ se´mantiques. En
de´veloppement, il supporte la mesure de similarite´ de Wang, la mesure de particularite´
base´e sur le contenu d’information et la mesure de particularite´ base´e sur la valeur
se´mantique. Une me´thode de similarite´ node-based (vraisemblablement Lin) sera
imple´mente´e dans le futur. En cliquant sur un re´sultat, le graphe GO correspondant est
affiche´.
GO2GRAPH
GO2GRAPH est un outil de visualisation des annotations de deux produits de ge`nes
dans le graphe de GO. Les ge`nes sont a` entrer en parame`tres directement dans l’url.
Par exemple, pour comparer le ge`ne Hsd17b3 de la souris (taxon n° 10090) et le ge`ne
SRD5A1 de l’Homme (taxon n° 9606), on utilisera l’adresse http://bettembourg.fr/
labo/go2graph/build.php?gene1=Hsd17b3&tax1=10090&gene2=SRD5A1&tax2=9606. Les
annotations spe´cifiques au ”gene1” sont en rouge, celles spe´cifique au ”gene2” en vert et
les annotations communes en bleu.
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CSPaCo
CSPaCo (pour Cross-Species Pathways Comparison) permet de ge´ne´rer les graphes de
comparaison de voies me´taboliques tels que ceux pre´sente´s dans le chapitre 5. Il s’agit
actuellement de quatre scripts nume´rote´s a` enchaıˆner. Un travail d’inte´gration reste a` faire
afin d’en simplifier l’utilisation. Au moment de la re´daction du pre´sent manuscrit, le premier
script est a` lancer dans une session de Prote´ge´ 1 dans laquelle on a pre´alablement ouvert
le fichier rdf-owl d’une espe`ce fourni par une base de donne´es de voies me´taboliques. Il
ge´ne`re les fichiers initiaux ne´ce´ssaires a` la cre´ation des graphes. Il faut le lancer pour
chaque espe`ce que l’on souhaite comparer. Le deuxie`me script e´crit des fichiers de
graphe au format dot a` partir des fichiers initiaux. Le troisie`me script combine ces fichiers
dot a` l’information fournie par des donne´es de similarite´s et particularite´s obtenues avec
GO2SiP au sein de fichiers gexf. Ces fichiers sont a` ouvrir avec Gephi 2 pour proce´der
a` la mise en forme du graphe (Spatialisation Yifan Hu) qui est a` exporter au format gml.
Le quatrie`me et dernier script ajoute l’information colore´e relative a` la similarite´ et a` la
particularite´ a` ce graphe dans un dernier fichier gml qui peut a` son tour eˆtre ouvert dans
Gephi pour eˆtre ensuite exporte´ sous forme d’une image.
Publications
Charles Bettembourg, Christian Diot, Anita Burgun et Olivier Dameron, GO2PUB :
Querying PubMed with semantic expansion of gene ontology terms, Journal of biomedical
semantics 3 :7 (2012), Highly Accessed
Marion Oue´draogo=, Charles Bettembourg=, Anthony Bretaudeau, Olivier Sallou,
Christian Diot, Olivier Demeure et Frederic Lecerf, The Duplicated Genes Database :
Identification and Functional Annotation of Co-Localised Duplicated Genes across
Genomes, PLoS ONE 7 :11 (2012)
Olivier Dameron, Charles Bettembourg et Nolwenn Le Meur, Measuring the
Evolution of Ontology Complexity : The Gene Ontology Case Study, PLoS ONE 8 :10
(2013)
Charles Bettembourg, Christian Diot et Olivier Dameron, Semantic Particularity
Measure for Functional Characterization of Gene Sets Using Gene Ontology, PLoS ONE
9 :1 (2014)
Charles Bettembourg, Christian Diot et Olivier Dameron, Thresholds of Semantic
Similarity and Particularity for Sene Set Functional Analysis, Soumis a` PLoS ONE (2014)
1. http://protege.stanford.edu/ (version 3.4.7, disposant du ScriptTab)
2. https://gephi.org/
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Communication orale
Charles Bettembourg, Christian Diot et Olivier Dameron. GO2PUB PubMed Query
Tool Based on Semantic Expansion of Gene Ontology Terms, a Lipid Metabolism Case
Study, Rennes, France, 03-06 juillet 2012. Journe´es Ouvertes de la Biologie, de l’Informa-
tique et des Mathe´matiques.
Posters
Charles Bettembourg, Christiant Diot et Olivier Dameron. Comparaison du
me´tabolisme des lipides chez l’humain, la souris et la poule, Limoges, France, 04-06 avril
2011. Se´minaire des doctorants de ge´ne´tique animale.
Charles Bettembourg, Christiant Diot et Olivier Dameron. Comparaison inter-espe`ces
de voies me´taboliques, Brest, France, 20 juin avril 2011. Journe´e des doctorants de l’ifr
140.
Charles Bettembourg, Christiant Diot et Olivier Dameron. Comparaison inter-espe`ces
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Biologie, de l’Informatique et des Mathe´matiques.
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